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Ibe 25 Kv electric =VA Dual Hode System study uas continued. Ibe 

hsic system uas essential- ly  unchanged frcr the systcr originally reported. 

The oyeratim of tbe system during che engine cooldava period m s  r l t u e d  

to enhance the cooldovn hydrogen u v e d  thereby increasing tbe d e s i r a b i l i t y  

of the dual rude concept. 

A parametric study uds ccducted  tc determine the mst advantagesus 

size <electrical) for the Dual M e  hZVA Syster.  The resalt, based upon 

cooldavo hydrogen savings only, a s  a 10 Kv e l e c t r i c a l  syster.  

Concepts poEentia1ly important to future nuclear rockec engine dual 

rode s .scas  are d i s c u s s d .  
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I. SlRIHARY 

The f e a s i b i l i t y  of u t i l i z i n g  t h e  NERVA engine as a hea t  source f o r  a 

25 Kw(e) e l e c t r i c a l  power sys t em w a s  inves t iga ted .  

a d d i t i o n s  to  t h e  NERVA engine t o  perform t h e  d u a l  func t ion  w a s  maintained as 

a basic ground rule. Severa l  concepts f o r  removing hea t  from t h e  engine i n  

a d d i t i o n  t o  those of Reference (1) were evaluated. The f i n a l  system selec- 

t i o n  was not changed however. It c o n s i s t s  of a closed loop, independent of 

t h e  n o m 1  NERVA flow path, primary ccolan: c i r c u i t  which c a r r i e s  hea t  from 

t h e  engine t o  the  forward end of t h e  s t a g ?  where t h e  hydrogen coolant  s u p p l i e s  

hea t  tc a b o i l e r  (vaporizer). 

s e l ec t ed  as the most d e s i r a b l e  f l u i d  f o r  t h e  Rankine-cycle power conversion 

system, A vick-type condenser is used f o r  t h e  zero g r a v i t y  environment. The 

hea t  r e j e c t i o n  system u L i l i z e s  gaseous hydrogen flowing i n  closed p a r a l l e l  

loops t o  conduct hea t  from t h e  condenser t o  the exterior c f  t h e  stage. 

A minimum n w b e r  of 

An organic working f l u i d ,  thiophene, was 

Off design oper.3tion of t h e  system dur ing  the  e a r l y  po r t ion  of t h e  

cooldown f o r  t h e  NERVA engine w a s  i w e s t l g a t e d  t o  enhance t h e  cooldom 

hydrogen savings. 

Consideration of dua l  mode systems l a r g e r  and smaller (see re fe rences  

a t  end of r epor t )  than  t h e  25 Kw(e) system showed that a 10 Kw(e) r e s u l t e d  i n  

t h e  maximum payload f o r  a lunar  mission provided t h e  need f o r  e l e c t r i c  power 

was not  more than 10  Kw(e). I n  o the r  words, t h e  dua l  mode sys tem size optim- 

i z a t i o n  was based upon cooldown propel lan t  sav ings  only. 

1 

( ) Ind ica t e s  re ference  a t  end of r epor t  



System implications for epp l i ca t i cn  of the dual mode concept to cther  

nuclear rocket engines is d i s c s s d .  Also, discussed is the e f i e c t  of the 

Earth Orbitlng Shutt le  on the dual d e  concept. 
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11. INTRODUCTION 

This  r e p o r t  is intended t o  be u s e f u l  f o r  br idging  t h e  gap betveen the  

NERVA Dual Node System and f u t u r e  nuclear rocke t  enqines which may r e t a i n  t h e  

dual mode concept. I t  is important t o  note  t h a t  t h e  now te rmimted  NERVA 

engine program w a s  never d i r ec t ed  t o  u t i l i z e  t h e  Ea r th  Orbi t  S h u t t l e  (EOS). 

The f u t u r e  of nuclear rocke t s  w i l l  be a t  t h e  Los Alamos S c r e n t i f i c  Laboratory 

(LASL) where work is under way f o r  a smal le r  t h r u s t  (20% of NERVA) engine 

which has g r e a t  p o t e n t i a l  f o r  unmanned deep space missions. 

The LASL engine des ign  is i n  t h e  preliminary design stage.  It d i f f e i s  

from t h e  NERVA engine i n  many ways sDme of whicn are important t o  t h e  d a a l  

mode concept. For example, an  aluminum r e f l e c t o r  c y l i z d e r  used f o r  t h e  

primary coolant loop hea t  exchanger is not  requi red  i n  tne  LASL engine deL.-gn. 

Thus, t h e  dua l  mode coolan t  c i rcu i t  will u t i l i z e  t h e  core  s t r u c t u r a l  support  

system as its incore  hea t  exchanger. This  f e a t u r e  is sxpected t o  reduce 

primary coolan t  loop flow impedence and permit increased coolan t  temperatures 

i n  t h e  primary loop. 

mode concept. 

These are both ve ry  d e s i r a b l e  f e a t u r e s  f o r  t he  dua l  

The bas i c  NERVA Dual Mode System, described i n  Reference (l), w a s  r e t a ined  

e s s e n t i a l l y  unchanged dur ing  t h e  period of t h i s  r epor t .  No s i g n i f i c a n t  

improvcrnents i n  hardware design were achie:: 3. 

the  NERVA Dual Mode System during engine coordown rc su l t ed  i n  g r e a t e r  

cooldowr? savings. ;he concept was t o  increase  r a d i a t o r  temperature temporar- 

i l y  t o  enhance heat r e j e c t i o n  c a p a b i l i t y  a t  t h e  expense of e l e c t r i c a l  power 

The of f -des ign  opera t ion  of 
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output .  

heat  input  l eve l s ,  r e t u r n  t o  normal e l e c t r i c a l  power opera t ion  w a s  performed. 

Af te r  t h e  r e s i d u a l  (decay) power reachcd ncrmal d u a l  mode s y s t e m  

The concept of us ing  a rocke t  engine f o r  propuls ion and for  genera t ion  

of heat  which may then bc converted i n t o  electric power and many o the r  

p o t e n t i a l  u ses  is a new concept. 

successfu l  i n  providing propulsion only. Dux Ing chemical rocke t  engine 

opera t ion  i t  would be poss ib le  t o  provide hea t  f o r  o the r  a p p l i c a t i o x .  

However, s i n c e  rocket  engine opera t ion  is normally a very  sho r t  t i m e  per iod 

i n  comparison with normal space f l i g h t  times, i t  is imprac t ica l  t o  u t i l i z e  

t h e  chemical rocket  engine for supplying energy t o  the  space vehic le .  

Chemical rocket  engines  have been very  

The nuclear  rocket  engine is unique i n  t h a t  i t  con ta ins  an enormous 

supply of energy i n  its nuclear  fue l .  

is l imited.)  

rocket  engine is an o b j e c t i t e  of t h e  work reported herein.  

(The amount of propel lan t ,  hydrogen, 

U t i l i z a t i o n  of more of t h e  ecergy inherent  f n  the  nuclear  

I f  i t  is p r a c t i c a l  t o  design a nuclear rocket  engine with t h e  c a p a b i l i t y  

of providing p ro iu l s ive  enetpy and non-propulsive energy, i t  may be a require-  

ment t o  do so i n  order  to make t h e  nuclear rocket engine competi t ive wi th  t5e 

chemical rocket  engine. The point  is simply t h a t  the high (near ly  i n f i n i t e  

from a prac t ica l  s tandpoint)  inherent  energy contained wi th in  the  nuclear  

rocket  engine involves  a s i g n i f i c a n t  weight and c o s t  which the  chemi-a1 rocket  

engine does llot have. The added weight is s i g n i f i c a n t l y  ofEaec by the a b i l i t y  

t o  u s e  hydrogen as t h e  propel lan t  thus  providing a nuch higher  exhaust v e l o c i t y  

and correspondingly lower propel lan t  cmsumption. The cos t  remains a detr iment  
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t o  t h e  nuclear  rocke t  system un les s  some accounting 

energy c a p a b i l i t y  of t h e  nuclear  rocket  engine is madL. 

ir the  non-propulsive 

Space e lcctr ic  power systems may u t i l i z e  t h e  energy of t he  Sun d i r e c t l y  or 

they may u t i l i z e  chemical o r  nuclear  energy. 

f o r  e a r t h  o r b i t i n g  s a t e l l i t e s .  

c e l l s  on the Apollo f l i g h t s  t o  t h e  Moon. 

rates can be suppl ied by rad io iso tope  nuclear  pc i e r  u n i t s  such as t h e  Xlsep 

m i t l e f t  by t h e  astroit:;ts on the  sur face  of the  Moon. 

space electric power a t  g r e a t  d i s t a n c e s  frDm t h e  sun and of moderate amounts 

w i l l  be suppl ied by reactor-dynamic power conversion systems such as the  

dua l  mode e lectr ic  s y s t e m .  

bene f i t  from riuclea. rocket  engine propuision. 

have a reactor-dynamic power conversion system o p x a t i n g  i n  space a t  the  

present  time. Component and subsystem technology development is c u r r e n t l y  

i n  prtlgress. 

accura te  assessment of t he  f u t u r e  cos t  of operat iozi i i  systems d i f f i c u l t .  

Solar  cel ls  are very  p r a c t i c a l  

Chemical energy has  been use fu l  f o r  f u e l  

Long dura t ion  space power a t  low 

Applicat ions f o r  

Fortun. .-dv, t hese  same mission a p p l i c a t i o n s  may 

The !!nited S t a t e s  does not  

The d ive r se  na ture  of t hese  deveiopmcnt programs make an 

Ultimately, '  t h e  dec i s ion  t o  use chemical rocket  engines n lus  sepa ra t e  

nuclear  e l e c t r i c  space power p l a n t s  as opposed t o  the  use  of a nuclear  rocke t  

engine with propulsion and e lectr ic  power c a p a b i l i t y  w i l l  depend upon the  

r e l a t i v e  cos t  of t he  two systems and t h e  time t o  supply them. A t  p resent ,  

chemical rocket  engine technology is  i n  good shape. 

nclogy is growing fast:  b u t  recent  NASA decisions make its  f u t u r e  much less certai:: 

Nuclear rocket  engine tcch- 
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thcn t h a t  of chemical propulsion. 

(SNAP) systems are developing a t  a slow rate. 

3t improving t h e  technology base as opposed t o  t h e  development of p a r t i c u l a r  

un i t s .  

Space nuclear a u x i l i a r y  electric power 

The S U P  prograas are directed 

An i n t e r e s t i n g  s i t r i a t ion  which is no= present  is the  oppor tcn i ty  to 

i n i t i a t e  the developeant cf t n i c l c s r  racket  ecgine which is such smaller i n  

t h r u s t  and i n  gross weight as cump;red wi:h t h e  iiYRVA rockct  engine. 

s p e c i f i c a t i o n s  for t h i s  mall engine are not  ye t  firm t h u s  t h e  oppcr tuni ty  to  

include provis ions fo r  generat ion of heat  f o r  t h e  v e h i c l e  dur ing  t h e  aon- 

propulsion port ion of f l i g h t  is avai lab le .  

The 

It wobId sees thar tnis is a 

golden cppartunity" F'-wided t h e  a l t e r n a t i v e  d e  of opera t ion  does not 81 

d i c t a t e  unreasonable design requirements oil the rc,rict propulsion 

system. 

was drv-seii  vhich w a s  completely s e p a r a t e  from :he mrrrul engine flow c i r c u i t  

a& t h e  normal e n g i x  temperature l i m i t a t i o n s  were rerained €or tfre non- 

propulsion mode. 

a new engine could permit increased opera t ing  teapera tures  dur ing  t h e  not- 

propulsion mode and thereby improve t h e  performance, reduce the weight a..d 

size of thv e l e c t r i c  power system. 

I n  t h e  case of t h e  XERVA engine, an a u x i l i a r y  system (pr iP3ty loop) 

Cer ta in ly  more l a t i t u d e  i n  t h e  s e l e c t i o n  of m2terisls for 

The nuclear rocket engine a l s o  has p o t e n t i a l  f o r  p r w i d i n g  very  large 

amounts of e l e c t r i c  power ( c z  s h a f t  pover) i r .  space f o r  r e l a t i v e  s h o r t  

per iods of time by using Its hydrogen e>i!,aust j c t  to  d r i v e  a t u rb ine  cr a 

magneto hydrodyi,nmic g e r e r a t c r  (KHD). 

r e x t o r  providcs t he  heat energy and the  n c r m l  p r o p e l i j n t  €ced system 

I n  t h i s  mode of operat ion t h c  nuclear  
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provides t h e  h k h  pressurc hydrogen which d r i v e s  the  pawer device d tben 

exhausts  i n t o  space. 

over otber tmrking f l u i d s  because it has rucb higher a v a i l a b l e  cttrgy per 

pound an8 t be rc fo re  requires c a p r i t i v e l p  less f l o u  rate. 

Use of bot hydrogen as the working f l u i d  has idvantages 

111. DESCRIPTIOX OF DC'AL W G E  nST@rls 

A. KEWA Systea 

The dual d e  electrical s y s t s  (s&cn.. schematically ia Figure 1) 

inc ludes  a XEIWA engine, a system fol- converting b a t  to  e l e c t r i c i t y ,  and a 

circkit  far rejecting taste k a t  from the pcwer rctuvcrsian system. Only small 

add i t ions  to  the  r m g i n e  are necessary to provide a means of traasporting lw 

temperature, loy power thermal emrsy frm tlw engine t o  the panr-comersioa 

system. 

1. R I P u y l a o p  

Tbe tec in ique  of hezt  removed from the engine for electracal 

poser anode is to  c i r c u l a t e  ga-s hydrogen tkough t h e  metal parts of t be  

reactor <€.e-, wi th in  tbe pressJ rc  vesseI) and duct the w a d  hydiogen to  

the forvard exl  of the s t age  d e r -  tbe k a t  is used to  boil (vaporize) the 

rrorking f l u i d  of the puer con7ersfon sysirr (sec Figure 2). 

hydrogen is then coPpressrd s l i g h t l y  t o  cause i t  t o  r e tu rn  to  the heat source. 

The primary loop lines arc shorn running the  lcngtb  of the propeilant tank in 

Figtire 2. 

e jg ine  during roaket uode and t h c  t r a n s i t i o n  t o  electrical d e -  

t r a n s i t i o n  the  battcries can be r e c b q p f b y  t he  d u a l  d e  e l e c t r i c a l  syster. 

The cooled 

Rechargeable batteries can provide elwtrical Fowr t o  the NERVI. 

After t h t  
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2. Power Conversion S y s t a  

rtKfl0dpam.i~ analyses have s b w u  tht t h e  Rankine cycle is 

t& ouly f e a s i b l e  cyc le  for the source a d  s i n k  temperatures aa i l rb le  to the 

d u a l  ode system, 

thhp  cllc (C4H4S) was mlested. 

xrfQDI;Iare, a dry t u rb ine  espansion, reasonable  vaporizer and coadcnser 

pressares a d  outs tad izzg  chcaical s t a b i l i t y  a t  the dua l  &e operatioual 

teqeratures. 

A m,mber of p o r e n t i a l w r k i n g  f l u i d s  were evaluated .ad 

This organic  f l u i d  has good thtrrodynamic 

A mul t i s t age  tu rb ine  is required to e f f i c i e n t l y  c o m r t  the 

ex-anding thiopbeue even though it I u s  a molecular weight of 86. 

ueigbr. is a near'. n e g l i g i b l e  w i g h t  i n  comparison with the dditioail w i g h t  

of the dua l  rode system heucc it is prudent t o  s t r i v e  f o r  urira t u r b i a  

Turbine 

ef f  icieocy. 

The zeio g r a v i t y  environment e l imina tes  the use of static 

head of i iqu i ;  t o  provide a head f o r  roPiqg condensed l i q u i d  from t h e  condens- 

ing su r faces  to  the suc t ion  of t h e  b o i l e r  feed p;np. 

for the orgaa ic  liquid is c a p i l l a r y  force.  

'. 

l i q u i d  :-ide of the wick i n t o  t h e  i n l e t  of a c e n t r i f u g a l  feed plprp. 

t he  d i . - h  :ge from the c e n t r i f u g a l  pmp  is r e c i r c d a t d .  for j e t  pump d r i v e  

f zr ia .  The j e t  punp supercharges the  suc t ion  of the c e n t r i f u g a l  pump thus  

preventing c a v i t a t i o n  e ras ion  damage or vapor lock. 

The nec:.anisr se l ec t ed  

A wick on the condenser su r faces  

ds t'ze condensing l i q u i d  and a j e t  puap a c c e l e r a t e s  t he  l i q u i d  from t h e  

Some of 
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3. B e a t  Rejection Loop 

3 k  f m t f o P  of the beat r e j e c t i o n  loop is to tranqaori 

bat  f r a  t h e  cdemser of the pcner-courersfom-system to the outer surface 

of tk space vchjcle which then r a d i a t e s  tbe waste tbernal energy. Tht type 

of syster selected rcls a closed-loop(s), gaseous-hyirogeo circulating sysca 

oirilar to the primary loop except that tbe heat r e j e c t i o n  loops bsre u n y  

i9dependent parallel c i r c u i t s .  

is produced by electric notor dr iven  fads) i n  each loop. 

suitchtd W f f  t o  provide heat r e j e c t i o n  systa cont ro l .  

Tbc c i r c u l a t i o n  of the high pressure  r.,drogen 

These f a u s  ray 'a 

The mgnitpde of tbc tburrl energy to  be reject,+ is at 

least oof of tbe theNl  power of the primary loop. 

coosiderations it is d e s i r a b l e  to  mahtaio a small t c r p e r a t u r e  d i f f e r e n c c  

(2O'a) i n  t h e  hyirogen f l o v  as capared u i t b  t h e  p r h r y  coolan t  loop temper- 

a t u r e  d i f f e rence  (75.R). 

rate of hydrogen a d  larger Z l o v  areas. 

lbde System design because the flow areas are not  coas t ra ined  i n  the  hea t  

r e j e c t i o n  loop as they  e r e  i o  the  prisary cooiant  loop. 

For -tea e f f i c i e n c y  

rhis irecessitrtes a corresponding Iy larger flav 

Thiswaspossible  i n  t h e  llEBvA Dual 

B. Small Nuclear Rocket Engine System 

The following d iscuss ion  is not intended t o  be a prel iminary 

des ign  of dua l  d e  systcm f o r  t h e  -11 erainc however :'ne discuss ion  should 

allow a more rapid focus on major design problms.  

1. Primary Loop 

The small engine reactor design has s i g n i f i c a n t  d i f f e r e n c e s  

from t h e  NERVA reactor so f a r  as dual  rode is conccrncd. Use of the core 

11 



s t r u c t u r a l  support  system f o r  the  heat  input  e x c w z r  of  the primary loop is 

very a t t r a c t i v e  f o r  several reasons, 

the gas  t q t a t u r e s  may be as high as 1000.R and tk primary coolant  f l a v  

rate may be such that only a small (2S.R) coolant  temperature rise is f e a s i b l e  

v i tb  modest w i n g  pouer. 

i n i t i a l l y  f o r  the KERVA Dual We System. 

inadequate s e a l i n g  of the r a n i f o l d s  vas inherent  in the  design, 

t h i s  design r equ i r e ren t  froo the beginning could r e s u l t  i n  a reactor des ign  

v i t h  a l eak  t ight support  systa. 

Tbt f l a r  area is ccmpar i t ive ly  l a rge ,  

This type of beat exchanger was considered 

However, it  was discarded because 

At ten t ion  to  

Hot only rust t h e  incore  h u t  excbanger be l eak  t i g h t ,  t h e  

valves vhich shut -of f  t h e  norpal rocke t  rode f l o v  c i r c u i t  lust also be l eak  

cighc. 

"doubl-p" on the valves which can l eak  through t h z  engine nozzle. 

caarber(s) between the doubled-up va lves  could be w e d  down t o  mai.cain a 

very h u  pressure  cn t h e  second or back up seals. 

consume a small amount of electric power for pumping but  i t  could g r e a t l y  

reduce overboard leakage and r e s u l t a n t  l o s s  of hydrogen. 

Figure 3 sbowsi one possible flow scheme. It m y  be more p r a c t i c a l  to 

The 

Th i s  des ign  f e a t u r e  would 

The f l o v  schematic of Figure 3 is i n t e r e s t i n g  because it does 

no: have va lves  i n  the dua l  rode por t ion  of t h e  primary coolant  loop, 

i t  r a y  be f e a s i b l e  t o  ove ra t e  t h e  e l e c t r i c a l  power system dur ing  normal 

opera t ion  because t h e  design temperature of t h e  support  s t r u c t u r e  o u t l e t  f l u i d  

could be the same temperature as that f o r  normal dua l  lode operat ion.  

r e t u r n  flow from the  dua l  mode vaporizer can be cooled by the  f u l l  rocket 

engine pump flow as i l lus t ra ted  in Figure 3. 

Also, 

The 

This  Eeature may be needcd to 
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reduce t h e  nonuniform temperature oi t h e  coolan t  on its way t o  t h e  t i e  rods  

or nozzle. 

mixer. 

It w i l l  also he lp  to reduce the d e n s i t y  v a r i a t i o n  in t h e  v e n t u r i  

The use of t h e  v e n t u r i  t o  induce f l o v  of t h e  primary loop 

does s e v e r a l  t s i n g s  f o r  t h e  engine cool ing  system. 

e n t  t o r  a heat  Exchanger and the inherent  d e l t a  temperature drop to  d r i v e  

the heat energy i n t o  t h e  p r i a a r v  loop. Secondly, it negates  t h e  requirement 

f o r  eFther  tw va lves  o r  another blower &%en opera t ing  betwe rocket  engine 

F i r s t  it avoids  a require- 

f i r i n g s .  

p ressure ,  there is no weight pena l ty  for tzo d i f f e r e n t  stress requirements. 

A t h i r d  b e n e f i t  is the p r i r a r y  loop is not pressur ized  u n t i l  a f t e r  the f i r s t  

engine f i r i n g .  

As the p r ina ry  loop pressure  is of t h e  same magnitude as t h e  engine 

fbe des ign  of t h e  v e n t u r i  is mt cr i t ical  because t h e  flow 

rate i a  the vaporizer c i r c u i t  could va ry  considerably without affecting the  

ope ra t ion  of the  vapor izer  or the ncrmal rocket  mode operation. This is an 

asset f o r  s e v e r a l  reasons. One of which is that t h i s  loop could be added t o  

an e a r l y  reactor engine test wi th  ve ry  l i t t le  impact on t h e  o v e r a l l  system. 

2. Power Conversion System 

The design s e l e c t i o n  f o r  a p o w e r  conversion system f o r  a 

s i n g l e  EOS s i z e  s t a g e  with saall nuclear rocke t  engine w i l l  be less than  

25 Kw(e). I f  t h e  electric power requirement is only  a few k i lowat t s ,  s ay  

5-10 ku(e), t h e  power conversion system could be similar t o  t h e  NERVA Dual 

M e  design. 

tu rb ine-a l te rna tor  pump would be increased for t h e  smaller machine. 

Is a d e s i r a b l e  working f l u i d  for smaller machines and is s u i t a b l e  f o r  higher 

A s  discussed elsewhere i n  t h i s  r e p o r t ,  t h e  s h a f t  speed <;E t he  

Thio9hene 
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than 8W0R t u rb ina  i n l e t  temperature. 

working f l u i d s  with much higher molecular weights t o  reduce t h e  number of 

stages i n  t h e  tu rb ine  e s p e c i a l l y  i f  the des ign  temperature is increased  t o  

1000-1100 'R or more. 

It may be d e s i r a b l e  t o  look a t  o t h e r  

3. Meat Rejection System 

The bas i c  concept suggested f o r  t h e  hea t  r e j ec t ion - rad ia to r  

loops  on t h e  NERVA Dual Mode s tudy  pay apply t o  i smaller system. The auch 

sealler e x t e r i o r  su r face  on a s i n g l e  launch EOS engine-run tank could l i m i t  

tbe r a d i a t o r  c a p a b i l i t y  hence the size of t h e  electrical system. Increased 

maximum c y c l e  temperature f o r  example from 750°R to  1 0 0 d o R  m u l d  s i g n i f i c a n t l y  

increase r a d i a t o r  c a p a b i l i t y  t h u s  permit a larger electrical power system. 

4. Overa l l  System Ef f i c i ency  as a Function of Power Level 

The saaller the des ign  power output  the lower the n e t  overall 

system ef f ic ie i icy  which can be expedited. 

overall e f f i c i e n c y  which may be expected. 

i n i t i a l  estinates of hea t  rcqui red  and rejected only. 

System had a ca lcu la t ed  o v e r a l l  e f f i c i e n c y  of 12.5 percent fo r  a power output  

of 25 Kw(e). 

a 3 Ku(e) system. 

nuclear rocke t  engine, thc e f f i c i e n c y  could be increased but  t h e  trend would 

remain. 

Figure 4 is a n  estiPrate of the 

The f i g u r e  should be used for 

The hTRVA Dual Mode 

This  performance decreases  t o  approximately n ine  percent f o r  

I f  higher maximum temperatures were compatible with t h e  

5. System Meighc vs Power Level 

As t h e  design power l e v e l  decreases  and t h e  o v e r a l l  cyc le  

e f f  l c iency  change the  cot-ponent and subsystem weights per u n i t  power change. 

1 5  



Figure 4 
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I n  a low temperatui-  Rankine cyc le  t o r  space a p p l i c a t i o n  the  hea t  r e j e c t i o n  

loop has one-half of t h e  t o t a l  s e i g h t .  Clever means ( inc luding  bookkeeping 

techniques) may be used t o  change t h e  r a d i a t o r  weight per square foo t ,  however, 

t h e  smaller systems w i l l  undoubtedly have less output ( e l e c t r i c a l )  per u n i t  

hea t  input hence they w i l l  a l s o  have iess output  per u n i t  hea t  r e j e c t e d .  

Based upon t h e  a d d i t i o n a l  weight of 240 l b s  per k i lowat t  of electrical  output  

for t h e  25 Kw(e) NERVA h a 1  Mode System and t h e  estimated o v e r a l l  e f f i c i e n c y  

of t h i s  type of system (shown i n  Figure 4) t h e  v a r i a t i o n  of estimated a d d i t i o n a l  

weight per k i lowat t  electrical is  shown i n  Figure 5. 

t h e  weight of ve ry  small output  systems such as 3 Kw(e) have estimated 

s p e c i f i c  weights of 330 lbs/Kw(e) o r  990 l b s  a d d i t i o n a l  weight. These 

s p e c i f i c  weights can B e  inproved by increased temperature of t h e  system. 

modest increase  of approximately 200'R above the  NERVA Dual Mode System 

temperature could reduce s p e c i f i c  weight t o  0.6 of t h e  lower temperature 

system. 

It w i l l  e noted t h a t  

A 

This is a l s o  shown i n  Figure 5. 

IV. COMPONENT CHARACTERISTICS 

A. The Ef fec t  of Design Power Level on Dual Node Turboalternator and 

The Dual  Mode E l e c t r i c a l  Power Generating System was o r i g i n a l l y  

s tud ied  (1) a t  a 25 Kw(e) n e t  e l e c t r i c a l  power l e v e l .  A ques t ion  can be r a i s e d  

as t o  t he  v a l i d i t y  of t he  des ign  study i f  t h e  design power l e v e l  were t o  be 

reduced t o  one-tenth as much. As t h e  tu rb ine  is about 7 inches i n  diameter 

and the c e n t r i f u g a l  pump less than an inch i n  diameter, t h i s  ques t ion  is  a 

v a l i d  one. Ef f ic iency  of t h e  tu rb ine  and the  pump could be expected t o  be 

1 7  



Figure 5 



degraded as Reynolds number decrease and c‘enrance r a t i o s  inc rea r  ... 
l o s s  of e f f i c i e n c y  may ?IC i l l u s t r a t e d  f o r  decreasing Reynolds numbers 

tncreas ing  c learance  i n  f i g u r e s  6 and 7,  respec t ive ly .  

This  

.‘ 

The 25 Kw(e) h a 1  Mode tu rb ine  as proposed i n  the  referenced s tudy,  

( l ) ,  has a F i r s t  ‘age Reynolds number of 113,000 ( i n  w/Dp form) and 81,500 

f o r  t h e  l a s t  s tage.  Examination 13 Figure 6 i l l u s t r a t e s  t h a t  e f f i c i e n c y  is 

not  s e r ious ly  jecpardized by a decrease i n  Reynolds number a t  t he  10 l eve l .  

I n  add i t ion  the  phys ica l  s i z e  of t h e  tu rb i3e  w i l l  be decreased as t h e  d e b i g i  

-ower l e v e l  is r e d x e d .  This  would r e s u l t  from t h e  de  i r e  to keep t h e  t a rb ine  

s p e c i f i c  speed (NQ1/2/cH3/4) cons tan t  i n  order  t o  r e a l i z e  the  maximum des ign  

e f f i c i ency  possible .  Optimum s p e c i f i c  speed is  araund 100 i n  (rpm,cf s1’2Jf t 

un i t s .  As t h e  des ign  power l e v e l  is reduced, t h e  volume flow rate  would be 

reduced propor t iona l ly .  Thus, i n  order  t o  keep design s p e c i f i c  speed cons tan t ,  

t he  design speed should be incr-eL;ed by the  square r o o t  of t h e  flow r a t e  r a t i o .  

Thus design Reynolds nurcber w i l l  decrease as t h e  square roo t  Df t h e  Dower 

r a t i o  r a t h e r  than d i r e c t l y .  Turbine Reynolds numbers would oe r edwed  io 

35,500 and 25,800 from 113,000 and 81,500 f o r  a t e n  t o  cr.e reduct ion  I n  desip,n 

generat ing poker. Expected l o s s  of t u rb ine  e f f i c i e n c y  would be about 2 percent- 

age Foin ts  f o r  t h e  2.5 Kw(e) tu rb ine  a l t e r n a t o r  compared t o  a 25 Kw!e) design.  

5 

3/4) 

Rela t ive  roughness could a l s o  c f f x t  the  pcrformance of small 

turbomachincry i f  t he  passages were cast o r  the r a f t s  cxtren:c:y s e a i l .  

ages  would have t o  be on the  order  of 0.1 inch hydraul ic  d i ane te r  l o r  3 

100 p inch f i n i s h  t o  w e n  s t a r t  t o  degrade cfficih!ncy,(2). Roicr:; wo*i?d ha1$!? 

t o  bc less than an  inch i n  dismctcr bcfo tc  r-elatiive roughness 1iec2 bc c o n : i i d x c t l .  

Pass- 
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Tbe c e n t r i f u g a l  p p  pr0posed f o r  t h e  25 Kv(e) powr level also 

h s  a d e s i p  s p t c i f i c  speed of 100. Without any Reyr.4ds number, clearance 

or relative roughness e f f e c t s ,  it c2u  k designed to  reach + 8OX e f f i c i e n c i e s ,  

(3). 

accaunt f o r  Reynolds a\urber, clearaxe, a d  c a v i t a t i o n  losses .  

Reynolds number is 58,600. 

also be expected t o  redwe the e f f i c i e n c y  mother 2 percentage poin ts ,  

Figure 6. 

44 

value  is expected to  have neg l ig ib l e  e f f e c t  upon the o v e r a l l  t u r h o a l t e r m t o r  

e f f  jciency. 

Est-ted des ign  e f f i c i e n c y  used i n  t h e  s tudy was degraded to  44X t o  

It's des iga  

A reduct ion  of Reynolds n&r t o  l8,400 could 

In view of t h e  con-s fna t ive  design va lue  assured f o r  t h e  p a p ,  

percent ,  a reduct ion in power to one-tenth t h e  o r i g i n a l l y  proposed des ign  

As t u r w c h i n e r y  is rcduced i n  size t h e  p a r a s i t i c  pouer consumption 

of t he  bear ing syster;  can becape a l a r g e r  po r t ion  of the input  s h a f t  power. 

This  happens v k n  the bearings are not  sca led  down i n  proport ion t o  the o the r  

parts cf t he  r o t a t i n g  asseaibly o r  che r e s i d u a l  r o t a t i n g  assembly unbalance 

cannot be scaled don! t o  t h e  lovJer s e n s i t i v i t y  l i m i :  of t5e balancing machine 

ava i lab le .  

The proposed tu rboa l t e rna to r  w a s  designed t o  u s e  hydrodyrramic 

Rolling contcc t  bear ings were ccmsidered i n  the  earlier s tudy  bu t  bear iags .  

were not s e l ec t ed  because of t h e  e x t r a  complication OF t h e  required l a b r i c a t i o n  

system and an i n s u f f i c i e n t  bear ing l i f e  t o  meet the e i g h t  year requirement. 

Subsequent design s t u d i e s  reconfirm t h i s  conclusion,  (4). The Rankine f l u i d  

(thiophene i n  the  czse of th2  s tudy (1)) was se l ec t ed  as the  lub r i can t  t o  

minimize the scal ing,  contaminat ion,  and lub r i can t  d e t e r i o r a t i o n  problems. 

22 



In scaling down rotatiry machinery u s i r 4  hydrodynaric bearings ve 

f ind that t h e  des ign  bearing lcads scale d i f f e r e n t l y  dependent upon whether 

the w i g h t  of the r o t a t i n g  assembly or its inherent  dynamic unbalance is t h e  

larger o p e r a t i r g  bear ing  load. 

t h e  we€ght ( s c a l i n g  as a f u n c t i o n  of scale cubed) w i l l  be reduced a t  a greater 

rate than t h e  bear ing  support  area which is a f u n c t i o n  of scale squared. 

As a r e s u l t  of t he  bear ing  l e n g t h  a d o r  diameter  can be reduced t o  a greater 

degree than the scaling ratio a d  r e s u l t  i n  bear ing  f r i c t i o n  pover to shaft 

power r a t i o  being r e d u c d  as a =chine is scaled down, see bearing ciiscussion, 

Sec t ion  IV-C. 

Uhcn weight is t h e  contro1i.q bearing load, 

I f ,  hilvwer,  t h e  inherent  r o t a t i n g  assembly a h l a n c e  is t h e  

s i g n i f i c a n t  bear ing  des ign  load, then  t h e  p a r a s i t i c  bear ing  f r i c t i o n  to  shaft  

power ra t io  may s t a y  c o n s t a n t  as t h e  machine s i z e  is reduced or it may i n c r e a s e  

i f  we have reached the p r a c t i c a l  balancing machine s e n s i t i v i t y  l i m i t .  To 

i l lust rate  t h e  balancing aachine  l i m i t a t i o n  on bear ing  loads  F igure  8 p l o t s  

t h e  unbalance f o r c e  i n  r e l a t i v e  e a r t h  g r a v i t y  uni’ 3 as a f u n c t i o n  of r o t o r  

speed f o r  s i n g l e  plane unbalance. 

balancer.  

The s tandard G i s h o l t  S-1 is assum4 as t h e  

It t y p i c a l l y  ba lances  ir. room a t m s p h c r e  a t  r o t x  speeds 0: 1000 

t o  3000 rpm. 

balancer  d i sp lacepent  s e n s i t i v i t y  of 0.000025 inch. The p l o t  g i v e s  t h e  

o p e r a t i n g  u n b a l a w e  bear ing load a s  a f u n c t i o z  of opera t ing  srced. 

i n g  speeds up t o  10,OOC rprn i t  is noted t h a t  t h e  unbalance bear ing  load  would 

be less than  the normal g r a v i t y  load hcre  on e a r t h .  For m c h i n e s  between t h e  

s teady  speed range of 24,000 t o  96,000 rpm, it can be seen  t h a t  t h e  r e s u l t i n g  

bear ing unbalance load reaches undesirabl-e levels. 

g r e a t e r  s e n s i t i v i t y  and/or having higher  balancing speed c a p a h i l i t y  w i l l  have 

The p l o t  assumes a 2000 r p n  balancing speed and t h e  minimum 

For opera t -  

Thus a balance machine having 
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to be utilized for smaller sized turbo-alterrators. Caaerciai balancers are 

available (5) that vill correct balance to less than one "g" at 100,OOO rpr. 

We are tbus able to scale bearing design loads and thrs bearing friction 

pouer for machines up to the 100,OOO rpr operating sped. 

titber additional cost for balancing uil2 be requircd or the bearing friction 

pauer vi11 not scale dovn with sul ler  u c b n e  sires. 

o w e n t h  the powr m l d  be approximately one-third the phFical sire of the 

proposed -1 W e  design. 

speed 0; 72,000 rpe  to stay with a mltiple of 500 cycle powr. 

dynamic bearings vill therefork scale davn in size a d  in friction pcwcr as a 

f-mction of the shaft pouer ratio. 

&owe that speed 

A turbo-alternator of 

It -auld want to turn at about three times the 

The hydro- 

Surarizing, there appears to be no fundamental reason uhy the 

propsed SILal Mode turbo-alternator of 25 Kv power level cannot be scaled doun 

to 2.5 Kw. 

loss provided mechanical feafures such as leakage and clearance dimensions can 

can also be scaled down. 

the one-tenth powex level without suffering out of proportion parasitic losses. 

Other considerations, such as critical speeds, ray dictate larger shaft sizes 

than those rcquired for bearing loads. 

bearing parasitic losses. The magnitude or relative iaportance of leakage 

losses and bearing losses is a function of the detail design cf the uchinc. 

Estimated rurbo-alternator weight as a function of developed electrical power 

for a family of constant Specific Speed machines is shown by Figure 9 to be 

less than 10 pot-nds for a 2.5 Kw uni:. 

The turbi;*e and pamp m y  suffer but an insignificant efficiency 

The hydrodynamic journal bearings may scale davn to 

Thus spa11 machines often incur larger 

2s 
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no CONpoNEKT CHMWZERISTLCS (Contd.1 

Bo Bearing Selec t ion  Criteria - Liquid or Cas 

rtre requirement f o r  a high degree of r e l i a b i l i t y  over a n  eight 

yeir l i fe  precludes t h e  use of r o l l i n g  contact  bear ing systaas as ooted i n  

Sect ion 1V-A. 

that bave 00 s o l i d  contact and are not  sub jec t  to  f a t i g u e  l i f e  lirits. 

Tbe reraining p r a c t i c a l  types are t h e  f l u i d  f i l a  bearings 

-re are a number of factors t o  be considered i n  narrowing t h e  

choice t o  a s p e c i f i c  design. 

environment around the bearing a d  at  best w i l l  be a compromise to be =de 

during a f i n a l  design s t u d y .  

studied, however. 

lkse cons idera t ions  are cont ro l led  by the 

W e  cari i d e n t i f y  the parameters that mst be  

Primary in f luence  upon the beariog environment is the  type of 

atmosphere, t h e  t e q e r a t u r e ,  and t h e  pressure that surrounds t h e  alternator 

rotor. As t he  rotor 1% l o s s e s  mst be removed by convection cooling, 

s u f f i c i e n t  heat  t r a n s f e r  capac i ty  must be allowed the f l u i d  t o  heep the r o t o r  

a t  acceptable  temperatures. This means t he  type of f l u i d  and its pressure 

are s i g n i f i c a n t  var iab les .  

high s p e c i f i c  heat, high thermal conduct ivi ty ,  and a low v i scos i ty .  

Of these  parameters, only t h e  dens i ty  (pressure) is indeper Aent of t he  gas  

se lec tcd .  

t rade-off  considerat ion.  

Gas p rope r t i e s  that enhance hea t  t r a n s f e r  are 

We thus have the  pressure and the  type of gas  tc consider  i n  a 

To enhance r e l i a b i l i t y  i t  I s  genera l ly  d e s i r a b l e  t o  have machinery 

with fcw and r e l a t i v e l y  s imple  par t s .  It w a s  thus  suggested (1) t h a t  t he  
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Bankine Cycle working f l u i d  be used exc lus ive ly  f o r  a l l  requiremcnts of f l u i d s  

in t h e  turboal te rna tor .  

cool ing passages, and pumpr non-leaking type  seals can be avoided and a l l  

contamination p r o b i a s  between f luidEare e l i m i n a t e d .  

provides t h e  pressure-temperature regimes tha t  make e i t h e r  gas  or l i q u i d  

ava i l ab le  f o r  any of t h e  above funct ions.  

By using t h e  s a m e  f l u i d  i n  t h e  turbine,  bearings,  

The Rankine Cycle 

The a l t e r n a t o r  cool ing can most e a s i l y  be done by vapor i n  t h e  

housing surrounding the r o t o r  and l i q u i d  throug!, the  s t a t o r .  

pressure must be kept i n  the housing t o  i n h i b i t  corona l eaks  f o r  t h e  vol tage  

selected. Higher pressures  than necessary t o  suppress corona l i m i t a t i o n s  

might enhance cooling as previously noted, however, i t  w i l l  a l s o  increase  

t h e  r o t o r  windage losses .  

requirements, and windage losses w i l l  have t o  be reade during the  d e t a i l  design 

period. 

Suf f i c i en t  

A t rade-off  between a l t e r n a t o r  vol tage,  cool ing 

It is apparent that the re  may be var ious  pressures  required from 

one end of t h e  turbo-al ternator  pump t o  the  o the r  end. Hydrodynamic o r  

v i scous  type seals would be required t o  separa te  these  var ious  pressuze 

regimes as no rubbing type seal would havc an e igh t  year l i f e .  

on the  pressure d i f fe rences ,  e i t h e r  gas  or liqivid cocld be used. 

Dependent 

To complete the  bearing system trade-off study, the  bear ing 

loca t ions ,  s h a f t  c r i t i c a l  speed, and bearing damping rates m u s t  be considered 

along with the  determination of whether l i q u i d  or  gas f i lms  should be used. 

For a given load and speed one would p rc fc r  to use l i qu id  f i lm  bearings as 
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they vculd have less p a r a s i t i c  power demand, Sect ion IV.-A. 

of course,  that the  smller journa l  diameters  allowed by :he l i q u i d  f i l m  

bearings do noL create any unacceptable s i d e  e f f ec t s .  

form of too lw a s h a f t  bending cr i t ical  speed o r  toa small  a s h a f t  displace-  

ment at the  bearing loca t ion  t o  allow s u f f i c i e n t  bearing daatping. The larger 

diameter bearing of V i e w  "A" Figure 10 i l l u s t r a t e s  s u f f i c i e n t  displacement 

while "B" might not.  

arise from t he  s m a l l  bear ings des i red  to  reduce parasitic p o w e r ,  t h e  turb ine  

a d  bearing c m l d  be placed outboard of t h e  turb ine  ro to r  as i l l u s t r a t e d  i n  

"C" of Figure 10. This  configurat ion should be s u f f i c i e n t l y  s t i f f  to  raise 

t h e  t h i r d  bending cri t ical  ,;11 above t h e  opera t ing  speed. Typical l i q u i d  

bearing des igns  have  s u f f i c i e n t  damping t o  opera te  a t  the  t h i r d  s h a f t  cri t ical .  

That is  they are c r i t i c a l l y  damped. 

This  assumes, 

These could be i n  t he  

Should s h a f t  c r i t i c a l  speed o r  bearing damping problems 

It should be pointed out  t h e  v iscosea ls  

can be in tegra ted  i n t o  t h e  jou rna l  bear ings and recoup some benef i t s .  

combining the  two, bearing and s e a l ,  p a r a s i t i c  power could be reduced while  

achieving a s t i f f e r  beari1.g. I n  addi t ion ,  t-he bearing w i l l  be more s t ab le .  

It has a liigher spr ing  rate as t h e  bearing e c c e n t r i c i t y  r a t i o  approaches 

zerc. 

atLc.2 f o r  high speed a l t e r n a t e s ,  ( 6 ) .  

t h a t  might be required 

?y 

This  t,,' of bearing-seal has been demonstrated as  a canida te  configur- 
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Figure 10 

30 



Power Consumption: 

The friction paranetcr of Figure 14 of "efcrence (7) is equal to 

4n 4 f = - =  0.02 @ R = 1795 e Re 

 as^=& e U 

fRe fUcc 0 = - = - 
4n 4nc Substituting 

Suhstiiuting 3 in equation 15 of reference: 

3 CJDIIDLU* fDLU c 
C 4 

= -  9' 

6 - 2 x 10'2x 4 x s 1.166 x 10 x 2.02 - 
1 4 1.2 x 10 

1 lb f t  q = 3.S2 x 10 

l or 10.0533 Kw per inch oi seal 
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I n  conclusion i t  appears  t h a t  l i q u i d  hydrodynamic bear ing Ki th  v i s c o  

seals i n  c m b i n a t i o n  as requi red  should rece ivc  f i r s t  c o a s i d e r a t i o n  a s  t h e  

bear ing-seal ing system f o r  d Rankine c y c l e  space turbo-altermtor-pump assembly. 

Xt is s i m p l e ,  (few p a r t s ) ,  is not l i m i t e d  by f a t i g u e  l i f e ,  o r  wear, and is 

capable  of proper ly  support ing t h e  r o t a t i n g  s h a f t  assembly. I n  a d d i t i o n ,  t h e  

viFcosea1 can accommodate pressure  d i f f e r e n t i a l s  a c r o s s  t h e  b e a i i n g s  t h a t  are 

g r e a t e r  than those  a n t i c i p a t e d .  

C. S c a l i n g  of Hydrodynamic B e a r i n K s  

Radial  bear ing  loads  c m s i s t  of t h e  f o r c e s  r e s a l t  it,& f roni i lccelcra 

t i o n  of t h e  v e h i c l e  t h e  machinery r i d e s  i n  nd t h e  dynamic xnbalance f o r c e s  

inherent  i n  a l l  r o t a t i n g  machinery. 

p ropor t iona l  t c  &e mass .If t h e  r o t a t i n g  p a r t s .  

In both i n s t a n c e s  thesi. f o r c e s  a r e  

Radial  bear ing  l o a d s  due t o  

v e h i c l e  o r  g r a v i t y  accel-crat ion a r e  propor t iona l  to t h e  s i z e  of t h e  machine 

cubed. Thus 

3 Bearing Force ( f )  Weight ( f )  Mass ( f )  (Scale) 

f o r  s i m i l a r  machines of t h e  same m a t e r i a l s .  When t h e  bear ing  diameter  is 

used as  t!ie c h a r a c t e r i s t i c  t o  s c a l e  then t h e  bear ing load is: 

As rnn&-hines become smal le r  and the  angular  speed i n c r e a s e s  then t h z  

dynamic unbalance f o r c e  can be predominate over t h e  r o t o r  weight. I f  i t  IS 

assumed t h a t  unbalclncc f o r c e  is  propor t iona l  to  s i z e  then 

f ( f )  d 

and t h e  bt.:iring load is then p o r t i o n a l  t o  s c a l e  o r  d iametc i  squared: 

3 2  4 2  - 2  W r 
( f )  g d w ( f )  d ul f -  

FBU g 
E 
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and as i t  is assumed t h a t  l i n s r  v e l o c i t y  w i l l  be const.int for a series of 

c o n s t a n t  s p e c i f i c  s?ecd machine:;, t h a t  is: 

u = rw = c o n s t m t  and 

then t he  bea r ing  load due t o  unbalance f o r c e s  is: 
m 

- 
I f  t h e  unbalance to rque  4-s not  s c a l e  down wi th  size, t hen  r is 

c o n s t a n t  and 

We t h u s  have t h e  p o s s i b i l i t y  t h a t  t h e  r a d i a l  hearin3 load w i l l  

3 2  scale as  ii , d , o r  d depencriig on ilie dec ign  c i r c m s t a n r e s .  

Hydrodynamic b e s r i n g  c a p a c i t y  is a f u n c t i o n  of VisLosi ty ,  b e s r i n g  

l i n e a r  v e l o c i t y  and bea r ing  l eng th ,  equa t ion  (5-90) of Rcf ererce (8) 

12iin 2 r 
c2 ( 2  + n2b 11-n 2 WBC = PUL - 

I f  t h e  machine is s c a l e d  p ropor t ioTa l ly  then  beari9g l e n g t h  t o  

diameter r a t i o  is  cons tan t .  

be replaced by t h c  diameter .  

The  bea r ing  l e n g t h  i n  the almve c a p a c i t y  could 

C WBc ( f )  d on ly  i f  r e l a t i v e  c l e a r a n c e  r a t i o  i c  )..ept, - r ’  c e c c n t r i c i t y  

r a t i o ,  n, and t h e  l i n c a r  v e l o c i t y ,  U, arc a l l  c o n s t a n t .  

m u s t  equal o r  .;r:cctd the d e s i g n  load ,  

FHU o r  FB, i t  is  i n t e r e s t i n g  t o  n8t.e f hit whcn sc;illiiy, . l o w n  ;I givcn dcs ign  t!ie 

%C As t h e  b e a r i n g  capnci t y ,  
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tne bcsring c n F x i t y  equals or c>.icedS the  inposed load. The casts vhcre the  

inposed load var i e s  as d3 or d w i l l  ailow a bearing designcd for a snallcr 

L/d r a t i o  or a length L, t h a t  is saaller p o r t i m a l l y  than the  sca l ing  r a t i o .  

2 

Looking a t  t i*  bearing 

2 .2 L ' r r L h  
BPf (fl - c  

f r i c t i o a  power w e  f ind  chat 

2 ( f ;  gLL' 

& e z +  tlic slc.tr;mnce rztio,  c /r ,  is constant.  

sinilar mchiilrrs 

Ssr a faLily of geometry 

BFf (f) L or (€: a i f  L/d is constant.  

The bearing p ras i t i c  lo s ses  w i l l  scale d i r e c t l y  v i t h  t h e  linear 

size €or a constsint Lid  r a t i o  designs. As thc irnposcd loads can vary frat 

the scaling rst io  cubed LO l i n r a r i l y ,  the F r a s i t i c  iosscs can scale d i r e c t l y  

or as a functicz oi :?e c ~ b e  pcwcr. 

Tics 

HF', (f) d €or constant  L/d r a r i o  bcariags. 

But as the  shaft povcr of a turboo;lchinc v a r i c s  v i t h  the  square of 

s i z e :  

i ; . -n  the p a r a s i t i c  bearing -pwer will becou.e a l a rge r  percentage of the  shaf: 

power as a machine is scaled dwm t o  smaller power lcvcls.  
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We thus hav? the ftlloving possibilfties: 

(1) If the  ur?balance force cannot be scaled down with size a d  i t  

produces tbc  significant bearing design lord, then parasitic b r i n g  m n e f  

will increase as a perceatrge of shaft as  a given des ign is scaled e m .  

(2) If the unblancd force can be scaled with size a d  it  

produces t& significant des ign load t h a  parasitic k a r i y  pouei scales 

directly uith sbft m r .  

(3) If the noma1 e a c h  gravitj. or vehicle accc2cratioa loads are 

the significant k a r i x  design 1 4 s  thtn thc design load scales don; iastu 

than :bc powr, 

char. the sczie factar and ttus thc parasitic load as a percentage of tbt shaft 

pcar  will reduce a s  the -chine is scaled to a maller size. 

In ch i s  case the bcaring length, i, c w i d  be reduced by more 

D. Relative Power Consumption of Cas ~ n d  Liquid Film Bearinw 

I t  is desired to determine i f  a gas or  liquid hydrodynamic journal 

bearing vi11 have the larger friction power i f  both are designed for  the sare 

loading and same speed. 

Taking the following assumptions from the o r i g i n a l  Dual Node Str;dy 

Fluid - Thiophene 

Temperature - 100°F 
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Bearicg type - radial  hydrodynamic 

Speed - N rpm 

Load - K - 1'0s 

Journal diameter - not to be limited by shaft ing c r i t i c a l  speed 

Eccentricicy r a t i o  - n - constant 

Clearance to radius ratio - - - constant 

V i x a s i t y  9 1 O ' F  
Y 

Liquid - 38 x lo-' ft l b  

Tbe jouraJi k-aring load is: 

Ref: equation 2-30 page 161 o€ Reference ( 8 ) .  

C 
r F o r  beaxiags of eqal  capacity,  W, -ratio, a d  eccentr ic i ty  

ra t io ,  n, uhcrc i; is v i scos i ty ,  t' is the journal i n t c r i a e  ve loc i ty .  

Y ( f l  uu = u d s  
U 
).! 

thus d ( f )  - fcr conscant sped, h', 

L and for a constant 7 ratio and speed, R. 
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Bearixlg fr ic t ion  power is: 

HPf ( f )  TS ( f )  FdX where 1 is fr1c:ion torquc. 

Bearing fr ic t ion  force is: 
.L 

R e f :  equation 5-97, page 182 of 

Ref ereme ( 8 ) .  

Now for constant, C/r ratio,  eccentricity ratio,  n, and specd, li; 

and for a constanr length, L and speed, N; 

W ( f )  FdK ( f )  ud% ( E )  ud2 

L and for a constant a ratio 

F ( f )  pd2n 

KP ( f )  FdS ( f )  vd3 for 

constant sped. 

Friction power ratio for the two cases w i l l  be related by: 

2 (mf) gas = Lid 
(HP 1 l i q u i d  - f Ir ldl 

+ for constant L 

and 
3 

v d  

f u d  
= for constant L/d ratio.  (KP)  as 

(HP ) l i q u i d  

1 1  
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Subs t i tu t ing  the Journal diameters as a funct ion of the  load requircureats: 

L 
d f o r  constant  - r a t i o  s u b s t i t u t i n g  for  the  journa l  diameters: 

I n  conclusion it is apparent that a gas  bearing iesigned for the 

s a m ~  speed and load u:ll develop more f r i c t i o n  m e r  than a l i qu id  bearing 

regard less  of the design cr i ter ia  used. 

100°F: 

For t h e  assumed case of thiophene a t  

the gas  bear ing of constant  width, L, design w i l l  have 

-- pe = 38.2 10+ 30 times t h e  
g 1.3 x lo-' U 

power consumption of the  l i qu id  bearing and t ne  constant  L/d design 

w i l l  have 

38.2 - 

1.3 
- 5 times the parasitic power. 
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E. Pankina Cycle-Turbine 

?he temperatare l i r i t a z i o n s  of the KERVA engine aade the Rankine 

cyc le  the most d e s i r a b l e  choice for t h e  dua l  d e  power system. 

favored the  s e l e c t i o n  of a turb ine  over a rec iproca t ing  or ro to ry  expander. 

To avoid erosion i n  the u l t i p l e  s t a g e  turbine,  the w r k i n g  f l u i d  selected 

(thiophene) has a d r y  expar&ion even though t h e  i n i t i a l  state p i n t  is only 

sa tura ted  vapor. Also, the near v e r t i c a l  s l o p  of t he  sacurated vapor l i n e  

(on t h e  temperature-ntropy diagram) minimizes o r  eliminates the  need f o r  a 

heat exchanger a t  t h e  turb ine  o u t l e t  Lo desuperheat 

t h e i r  f lov ing  i n t o  t h e  condenser. This add i t iona l  heat  exchanger (regenerator) 

is genera l ly  required f o r  marhm cyc le  e f f i c i ency  with working f l u i d s  which 

have very l a r g e  molecular weights. 

Long l i f e  

t h e  vapors p r i o r  to  

The nominal vapor pressure of the Rankine cycle  working f l u i d  a t  

t h e  m a x i m u m  cycle temperzture g r e a t l y  eases t h e  b o i l e r  (vapcr i te r )  feed p ~ q  

mechanical design problems. 

turbo-al ternator  shar t  c a s  e n t i r e l y  adequate for t he  NERVA Dual Mode System 

design. A s i g n i f i c a n t  increase i n  maximm cyc le  temperature coupled wi th  a 

reduction of flaw ra te  (reduced e l e c t r i c  power output)  could make the  boiler 

feed pump design more d i f f i c u l t .  

A small, s i n g l e  s t a g e  centr i fugal .  pump on t h e  

I f  t h i s  s i t u a t i o n  should arise, a t t e n t i o n  
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should be d i r e c t e d  a t  tt-d p i t o t  s t r u t  c e n t r i f u g a l  pump. The j e t  pump w i l l  

still be necessarj  t o  i n s u r e  r e l i a b l e  s u c t i o n  flow from the condenser i n  a 

zero g r a v i t y  environment. 

F. Turbine-Alternator E f f i c i e n c y  

I n  a Rankine pouer conversion system o p e r a t i n g  i n  t h e  temperature 

ranges oi i n t e r e s t  for d u a l  mode nuclear  rockc ts ,  t h e  t u r b i n e  x a l t e r n a t o r  

e f f i c i e n c y  product f s  the  single des ign  factor of most importance t o  t h e  

o v e r a l l  system perforrxmce. This is true because t h e  modest temperature 

d i f f e r e n t i a l s  of t h e  lou ternperature Rankine c y c l e  provides  t h e o r e t i c a l  

diagram e f f i c i e n c y  close to the  i d e a l  Carnot  e f f i c i e n c y .  

a l t e r n a t o r  e f f i c i e n c y  d i r e c t l y  a i f e c t s  t h e  o u t p u t  s h a f t  and electrical  power 

compared w i t h  t h e  i d e a l  power a v a i l a b l e  from t h e  cycle .  

importance of the t u r b i n e - a l t e r n a t o r  e f f i c l e n c y  is ?he f a c t  that f o r  small 

systems t h e  p a r a s i t i c  power is a l a r g e  f r a c t i o n  of the gross output .  Hence, 

a s i g n i f i c a n t  p o r t i o n  of the turb ine-a l te rna tor  ou tput  is consumed as a tare. 

A smal l  i n c r e a s e  i n  t u r b i n e  e f f i c i e n c y  i n c r e a s e s  t h e  gross output  d i r e c t l y  

i n  propor t ion  t o  t h e  i n c r e a s e  i n  t u r b i n e  e f f i c i e n c y .  T h i s  is r e f l e c t e d  i n  a 

even g r e a t e r  than d i r e c t l y  i n c r e a s e  i n  t h e  n e t  s h a f t  or electr ical  output  

because of t h e  r e l ~ t i v e l y  l a r g e  tare. 

Thus t h e  t u r b i n e  and 

To add to  t h e  

In genera l ,  t h e  weight of t h e  t u r b i n e - a l t e r n a t o r  is small i n  

comparison v i t h  t h e  weight of irhe vapor izer  or condenser-radiator.  

consequence, no e f f o r t  should be spared i n  t h e  des ign  of t h e  t o r b i n e - a l t e r n a t o r  

t o  enhance its e f f i c i e n c y .  The t u r b i n e  should havc a s p e c i f i c  speed and 

-4s a 
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,lumber of s t a g e s  which give mximum o v e r a l l  e f f ic iency .  

e f f i c i ency  w i l l  r e s u l t  i n  t h e  lowest heat flow I n t o  t h e  dua l  mod< power system 

per u n i t  of electric power and an even greater reduct ion of hea t  which -si be 

r e j ec t ed  through the  enormous r ad ia to r  system. 

The highest  tu rb ine  

The a l t e r n a t o r  must also func t ion  J S  a motor t o  d r i v e  the  boiler 

feed pump when s t a r t i n g  up t h e  Rankine power convtrs ion system. 

f e a t u r e  could bc: very usefu l  f o r  opera t ion  of t h e  Rankine cycle as a dynamic 

heaz pipe during the  e a r l y  por t ion  of cooldown when it may be d e s i r a b l e  to  

temporarily operate  t h e  r a d i a t o r  a t  higher hea t  f l u x  and temperature t o  

conserve cooidown f l u i d s  or f o r  earlier t h r u s t  terminat ion without increas ing  

t h e  temperature of t h e  primary loop coolants .  

Th i s  s m e  

When the  a l t e r n a t o r  is operated as a motor, t h e  electrical energy 

must come from an outs ide  source such as a bat tery- inverter  supply. 

electric power desired is r e l a t i v e l y  small because t h e  feed pump power is 

-11 and the  t w b i n e  drag is also s m a l l .  

The 

G. Off Design Operation During Cooldown 

The Dual Mode NERVI\ e l e c t r i c a l  power system w a s  constrained by 

t h e  temperature c a p a b i l i t y  of aluminum compcnents i n  the  nuclear rocket  engine. 

This  800"R maximum cycle  temperature resu l ted  i n  the  temperature s e l e c t i o n  

of 530-540°R f o r  the  rad ia tor .  

required,  the  heat  r e j e c t o r  capab i l i t y  of the  r ad ia to r  was usefu l  as a 

device t o  r e j e c t  decay heat from t he  engine during cooldown thus reducing 

the  quant i ty  of cooldown hydrogen required and the  dura t ion  of t h rus t ing  

For missions wherein mul t ip le  burns were 
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assoc ia ted  with cooldown hydrogen flow. 

be increased by increas ing  the r a d i a t o r  capac i ty  %.e., more rad ia to r  area or 

increased rad ia tor  temperature. 

a t t r a c t i v e  f o r  t he  period of cooldown only, 

f a c t o r  of th ree  was with in  scope by increasing t h e  heat  rate from the  engine 

and allowing the  r zd ia to r  temperature t o  rise from 530"R up t o  660"R. 

t h i s  period the  electrical  output from the  power conversion system w a s  zero. 

Specia l  p rovis ioc  i n  the  design of the Rankine cycle  are necessary to  

accomplish the  increased heat  flow rate. 

turb ine  nozzle bypass flow duct.  I n  a sense the  Rankine cycle  becomes a 

dynamic hea t  pipe f o r  t h i s  off-design node of operation. 

The savings i n  cooldown f l u i d s  could 

The later scheme w a s  found t o  be q u i t e  

An increase of approximately a 

For 

The major add i t ion  component is a 

The off-df?sIgn mode of operat ion described above could be 

accomnodated because the materials of cons t ruc t ion  f o r  t n e  tanks and r a d i a t o r  

system could s tand the  temperature increase form 530°R up t o  660"R f o r  t h e  

cooldown period. I f  the  r a d i a t o r  design were a t  its maximum temperature f o r  

normal e l e c t r i c  power generation mode no margin f o r  increase  t a p e r a t u r e  f o r  

cooldown would be availab1.e. 

li. High Temptrature Radiator  

Uany spacc p l c c t r i c  power systems which have Seen strv icd anc 

fuir2cA f o r  development have been based upon u s e  of a high temperature hea t  

r e j ec t ion  sur face  ( rad ia tor ) .  The SNAP-8 Mercury Rankine sys tem is ah 

example of t h i s  t y p e  of system. 

nigh tcmpcrnturc (800-1200'K) l i c s  i n  g rea t ly  rcduccd sur face  area p e r  un i t  of 

heat rejccitcd. The s i z e  rcdiiction may a l s o  p e r m i t  a weight rcduction too. 

The advantage of using n r ad ia to r  with a 
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Unfortunately higher temperature 

wi th  o the r  components on a space vehicle .  

r a d i a t o r  may be incorporated around t h e  e x t e r i o r  sur face  of an insu la ted  

(plast ic  foam) aluminum propel lant  tank whereas higher temperature r a d i a t o r s  

m u s t  be phys icz l ly  separated from o the r  veh ic l e  surfaces .  

implies  that tile high temFerature r a d i a t o r  su r faces  must be extended from t h e  

basic vehicle .  

r ad ia t ing  sur face  which f u r t h e r  reduces t h e  plan form area and p o t e n t i a l l y  

r a d i a t o r s  may be d i f f i c u l t  to  i n t e g r a t e  

For example, a Icw temperature 

This  requirement 

Both s i d e s  of an extendible  sur face  may be ut . i l i ted for 

the  weight. However, the weight and s t r u c t u r e  assoctated with t h e  ex tendib le  

sur faces  must be included as a p a r t  of t h e  r a d i a t o r  system weight. 

High temperai.ire r a d i a t o r s  have not been studied i n  conjunction 

with t h e  dual  mode NERVA space electric power system because t h e  temperature 

of t h e  primary h o p  w a s  l imi ted  by t h e  c o n s t r x t h n  d e t a i l s o f  t h e  nuclear  

rocket engine t o  va lues  compatible wi th  aluminum a l loy .  .Is a consequence 6 6 O O R  

was t h e  maximum t c m p e t a t u r e  considered for the r ad ia to r .  

I. Lov Speci f ic  Speed Fans 

Multiple independent r ad ia to r  loops r equ i r e  individual  electric 

motor dr iven c i r c u l a t i n g  f ans  hermetical ly  sealed i n  each of t h e  loops. 

Division flow c i r c u i t s  reduces the  volume flow rate i n  each l o o p  ?zd rherefo te  

tends t o  reduce  the  fan(s)  s p e c i f i c  speed t o  r e l a t i v e l y  low va lues  even f o r  

tile 25 Kw(e) SERVA Dual #ode Cesigrr. 

the coclant  c i r c u i t s  and s e l e c t i o n  of high spccd motors will help  keep the  

fan spec i f i c  speed t n  ;i des i r ab le  range withoui: r e so r t ing  t o  mul t ip le  stages. 

For smaller e l e c t r i c  p o w r  systems i t  w i l l  probably be des i r ab le  Lo reduce 

t h r  number of indepcndclt radiator flow c i r c u f t s  from the  24 se lec ted  f o r  the  

NtRVA Dual No& Systcm dc-sign.  

Design of t h e  piping system i n  esch of 
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J. Coolant f o r  Primary and h d i a t o r  Loops 

The s e l e c t i o n  of t h e  type of f l u i d  (i.e., l i q u i d  vs gas) used i n  

t h e  loops of t h e  d u a l  mode system is of i n t e r e s t  because t h e  s e l e c t i o n s  are 

d i f f e r e n t  from those normally made f o r  space electric power systems. 

coolant  s e l e c t e d  for t h e  primary loop was gaseous hydrogen. Major considera-  

t i o n s  in t h i s  s e l e c t i o n  were that hydrogen is used f o r  t h e  rocke t  mode t h u s  

t h e r e  is no c o m p a t i b i l i t y  problem w i t h i n  t h e  reactor and t h e  r e a d i l y  a v a i l a b l e  

supply of hydrogen onboard a nuclear  rocke t  s tage .  

is a n  e x c e l l e n t  coolan t  i t  is necessary t o  main ta in  a nominal p r e s s u r e  (500 

p s i a )  t'J keep pumping powr w i t h i n  reasonable  l i m i t s .  

hydrogt,, are its non-freezing and non-activation by neutrons.  

adverse characteristics of hydrogen are leakage through v a l v e s  and gasketed 

j o i n t s  and embri t t lement  of metals. 

characteristics can be provided fo r  i f  they  are recognized e a r l y .  

The 

Although gaseous hydrogen 

Other good f e a t a r e s  of 

P o t e n t i a l l y  

Design accommodations f o r  t h e s e  adverse 

The waste heat r e j e c t i o n  loops a l s o  u t i l i z e  gaseous hydrogen f o r  

coolant .  

e s p e c i a l l y  l i q u i d s  i n  the a p p l i c a t i o n  because its l o w  d e n s i t y  reduces t h e  

weight of t h e  coolan t  invcntory.  

Hydrogen has  a n  a d d i t i o n a l  advantage over many o t h e r  c o o l a n t s  

Hydrogen leakage from t h e  m u l t i p l e  h e a t  r e j e c t i o n  loops  can  be 

The exposure of the rad ia tor  t u b e s  to  meteorites is 'nherent i n  c expected. 

space r a d i a t o r  design.  

system pressure  provided t h e  leak rate is extremely -11. 

Make-up hydrogen g a s  is a p o s s i b l e  method of maintain 

The m u l t i p l e  EOS launch techniquc wi th  assembly of a space v e h i c l e  

i n  o r b i t  e n t a i l s  s p c c i a l  problems f o r  t h e  h e a t  r e j e c t i o n  system i f  gaseous 

hydrogcn is cir,-ulatc.d J C ~ O S S  ttic in-spncc nsscmblcd Lni t s .  

could be overcome w i t h  ;1 hcat-couplcr based upon the hc:.l pipc  p r i n c i p l e  

which w u l d  not u s e  flowing hydrogen across t h e  i n t c r f n c r  3ctwecn stages. 
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K. Boiler-Vaporizer &sixhi  Poin t  i n f l u e n c e s  

The s i g n i f i c a n t  i n f l u e n c e  of loop d e l t a  tehpdrat t i re  and m u l t i p l e  

p r e s s u r e  l e v e l  b o i l i n g  .as i d e n t i f i e d  d u r i n g  t h e  o r j g i n a l  Dual Mode Electrical  

System SLudy (1). 

i n f l u e n c e s  were a s c e r t a i n e d  for  thiophene a t  the o r i g i n a l  d e s i g n  c o n d i t i o n s  of 

NERVA Dual Mode E l e c t r i c  sys t ep .  

s t u d i e d  du r ing  the d e s i g n  p o i n t  s e l e c t i o n  are (1) t h e  primary o r  sou rce  f l u i d  

d e l t a  temperature (2) Rankine Cycle f l u i d  f low rat ios  .sed f o r  m u l t i p l e  p r e s s u r e  

l e v e l  b o i l i n g  and (3) t h e  thermodynamic f l u i d .  

I n  reviewing the d e s i g n  a t  sweller power l e v e l s ,  these 

Three v a r i a b l e s  of a Rankine Cycle t h a t  should be 

To o b t a i n . t h e  i n f l u e n c e  f a c t o r s  f o r  t h e s e  parameters t h e  h e a t i n g  

source  in t h e  Dual Node Syseem is a hydrogen stream that has a l oop  d e l t a  temper- 

a t u r e s  ranging from 50 t o  100°i5F. 

Figure 11. A drop  i n  a v a i l a b i l i t y  of  15 t o  205: is experienced f o r  a l l  flow 

r a t i o s  a s  t h e  primary hea t  loop d e l t a  tzmpcrature  is i n a e a s e d  from 5OoL t o  

100'AF. --off s tudy  of t h e  primary loop  pumping power 

vs Rankine f l u i d  u n i t  a v a i l a b i l i t y  should be made i n  o r d e r  to  select t h e  optimum 

primary loop d e l t a  temperature.  

R e s u l t s  of these c a l c u l a t i o n s  are p io t ced  on 

l h i s  i m p l i e s  t h a t  a t r  

The b e n e f i t s  of a m u l t i p r e s s u r e  boiler can be of a 15 to  20% i n c r e a s e  

i n  'kinkine f l t i i d  u n i t  a v a i l a b i l i t y  f o r  a l l  loop d e l t a  temperatures  considered.  

The a v a i l a b l e  en tha lpy  per pound of Rankine c y c l e  f l u i d  (thiophene) w a s  calcu- 

l a t e d  T o r  Flow s p l i t  r s t ios  of 100'1, 50-50X, and 50,  30, 202. These benefit.: 

should a l s o  bc t r aded  off a g a i n s t  t h e  a d d i t i o n a l  complexity. 

t,iiophene s y s t e m  s t o d i e d  t h e r e  was no a d d i t i o n a l  complexity a s  t h e  r e l a t i v e  i l ows  

and d i f f e r e n t i a l  r r e s a u r e s  between t h e  v a r i o u s  p r e s s u r e  l e v e l s  f i t t e d  v e r y  w e l l  

t o  a nu l t i - s t aged  r a d i a l  flow t u r b i n e  dcsf,.ri. 

I n  t h e  case of t h e  
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The l a s t  var iab le  se l ec t ion ,  i .e.,  what f l u i d  to  -,=e i n  the  Rmkine 

loop, is not  obvious. 

primarily on its good thermal e f f i c i ency  when operat ing between t h e  required 

sourcp -?ink temperature extremes. 

is that the  sa tura ted  vapor l i n e  does have a negat ive s lope on a temperature- 

entrophy diagram as the  condensing temperature is approached. 

s ink  temperatures are considered, f l u i d s  o the r  than thiophete  should be 

considered. 

Thiophene was se l ec t ed  f o r  t he  Dm1 Mode E l e c t r i c a l  System 

The bene f i c i a l  property i n  t h i s  respect 

As other  source- 

V. SPECIAL PROBLMS OF DUAL KODE 

A. R e l i a b i l i t y  - S s f e t y  

A de ta i l ed  inves t iga t ion  of the  e f f e c t  of the dual  mode system on 

ove ra l l  s t age  r e l i a b i l i t y  has  n t t  been done. 

severa l  methods of producing electrical  power m y  be appropriate  rot a s i n g l e  

vehicle.  

o r  a backup power system. 

It is  t o  be expected t.hat 

The dual  mode electrical  power generator systeR cou!d he the  prime 

Consideration v3s given t o  the D u a l  Node KERVA Systerr from t h e  

standpoint of Sncreased safe ty .  One of thc  major p o t e n t i a l  f a i l u r e  modes 

which has sa fe ty  imp l i ca t iom is the  l o s s  of coolant (propel lant)  during 

rocket mode opcration. 

methoc f o r  removal of decay beat.  l lnfortunatcly,  t h e  decay heat rates 

following cmergcncy shutGown cannot t c  re jec ted  by the  dual  mcdc r a d i a t i v e  

r e j ec t ion  system. i n  a l t c rnn t ive  is t o  u s e  the c l c c t r  powcr t, ' . - i v c  an 

emc?rgcncy coo1a:it pump. Even t h i s  approach did not appear t o  be a t t r a c ~ i v c :  

because pumping power rcqu5rcd was LOO grczt i n j t i J l l y .  

cmcrgency coolant such a:: ilmmonia wcrc used, an e l ~ . . r  t r i c a l l y  dr ivcn emergency 

pump could be in te res t i? ig .  

Thc dual  mode heat t r ans fe r  loop is an a l t e r n a t i v e  

I f  an al ternaLive 
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B. Radiation of the Payload 

-:he -A Dual M e  concept uas incorporated in a system uhich hatl 

a shadou shield in tk cqine and the aft ea8 of the propel lant  tank was a 

-11 urgle cone rrbich uas protected from rad ia t ion  of t h e  engine by the 

shdoa sh ie ld ,  Figure 2. 

r i n d  weight ccmstraints it u y  be necessary to use a t z d  a m f i g u r a t i a t  

v i t b  a "fat botta". 

the wine forward to tbe payload. 

for vehicles which have w h  constraints ratter than 

Such a ta3L design uiIl scatter mle r r  radiaticzi from 

ubtn the tank is full of propel lant ,  the 

nydrogem rttematts the rdiatioa. 

-rating condition. 

s-Attering to the p y l o a d  can te very s ign i f i cza t .  

shutdcwa =a cool&mn irraiirricn of the payload c o a t h u e s  buing d m l  lode 

operitiaa. 

A p a r t i a l l y  f u l l  tank w i l l  k lore seven 

Llbcn the  tank is nearly a p t y  of liquid, radiation 

After rocket engine 

These design f ea tu res  are important to the dua l  lode concept 

&cause nore scatter r ad ia t ion  vi11 reach the pzylod with dual  podc ow-ation 

than uitkat. 

d id  not protrude bepad the  shdov cone. 

tanks arc too heavy to be prac t ica l .  

In thc KERVA syslcr, the sh ie ld  was e f f e c t i v e  becausc- t he  tank 

Shadow shields f e r  "Cat bottom" 

A separa te  annular tank which is jct irorred a f t e r  deple t ion  of its 

propel lant  r i g h t  be P prac t i ca l  way 0: u t i l i z i n g  the large rad ius  volume ju s t  

a w e  t he  engine. 

con?traint  is very unfavorable to a nuclear rocket s t age  and to the dual  rode 

concept when the  payload is sens i t i ve  to  radiat ion.  

disposal  of radioact ive wastes the added r34ia t ion  frum the  nuclear engine 

would not be a problem. 

From the  above discussion i t  is evident  r t a t  a lengih  

For some payloads such as 
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C. Reactor Primary Loop Heat Exchacger 

Several  configurat ions of heat  exchangers f o r  the reactor primary 

loopwereexamined by WLNL. The f i r s t  considered w a s  to  use & h e  dor. -and-up 

coaxial sapport  tubes. One of the problems encountered w a s  t h a t  t he  dawnflow 

through t h e  center  tube was heated up n i ce ly  but during the r e t u r n  f l w  up 

the  annulus passage the primary coclant  lost heat t o  t h e  downflow. 

out le t .  temperature of t he  primary coolant  was considerably less than t h e  

maximum temperature which occurred near t h e  turv  around e&. This  s i t u a t i o n  

r e s u l t s  f r a  good heat t r a n s f e r  across the  w a l l  separa t ing  the  cold downflow 

f r a  the  w a r m e r  upflow. 

between these c y 0  counter flowing s t r a i n s .  

Thus t h e  

Space l imi t a t ions  prevented introducing in su la t ion  

Th i s  same problem was found i n  t h e  heat exchanger design u t i l i z i n g  

holes i n  the aluminum barrel, Figure 2. However, in  t h i s  design the hole size 

could be adjusted to  give  iow heat  t r a n s f e r  rates (coef f ic ien t )  t o  the incoming 

flaw thus maintaining l a rge  f i lm temperature d i f fe rences  a t  t he  i n l e t  end, hence 

a,t chil1ii .g the  aluminum 'barrel. 

gradual ly  over t he  e n t i r e  length  of the counter flow coolant channel and 

pressure drop was -11. 

the  numrous holcs i n  thc a1unin-a barrcl. 

In this way the  bulk coolant was heated 

The cn ly  l imi t a t ion  was t he  loss of material due t o  

In the sa11 engine being considered a t  LASL the  counter f l o x  t i e  

tube c i r c u i t  appears t o  bc most promising f o r  the  reac tor  primary loop heat 

exchanger. Zirconium hydride moderator i n  the  form of a lirrcr separa tes  t h e  

dawnflow f l u i d  from the  upflow f l u i d .  

should case the  countcrflow heat cxchange e f f e c t  noticed i n  the  NERVA Dual 

W e  design. 

This add i t iona l  thermal decoupling 

so 



D, Radiator Oricntat  iorr 

Ukn os~t tbinks of a power plant  f o r  groud appl icathm, usually 

t he  source of eaergy (fuel)  and the paucr comusioe system (-he) are the 

major items of cmeern. 

More receatly,  the  problems of teat r e j ec t ion  hawe Bccac a problem for 

electrical poux generator natioa-i because the uaste heat d? i n t o  tbt 

r i v e r s  has increased r i v e r  water teqerrture rad the ecologists h v e  becorc 

alarmed. 

Tbe k t  re j ec t ion  system is mot of major signfficamce. 

In space, the heat r e j ec t ion  systa is of -jar coocern. 

uust be re jected by radiat ion.  

close-by bodies such as Earth or ?kmn can have a s-ificaat heat input to 

r e l a t ive ly  cold radfator  surfaces.  

operation can have a s ign i f i can t  e f f e c t  on the design of tk space pwer 

syster. 

of the  heat source was approximately 800.R. 

rejection system was 5OO-35O0R or  approxiaately ambient temperature on Earth 

uhich is approximately the temperature of a space rad ia tor  i n  f u l l  view of 

rhe sun. 

would be only p a r t i a l l y  e f fec t ive .  

area requirements were specified.  

space rad ia tor  so that  it is pa ra l l e l  to  the  rays of t he  sun and/ar an increase 

i n  a l t i t u d e  of o rb i t  have a profound e f f ec t  on the  low temperature rad ia tor  

capabi l i ty  and therefore i-Se system e l e c t r i c a l  output. 

A l l  heat 

D i r e c t  sunshine and re f lec ted  sunl ight  from 

Thus, it w i l l  be clear that the d e  of 

I n  the  case of the E R V A  Dual Node system, the maxirun temperature 

Thus tk temperature of the heat 

Under those conditions, the sec t ions  of the dual rode rad ia tor  

For t h i s  reason conservative radiazor 

A change i n  the a t t i t u d e  or ien ta t ion  of the  
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The fcregoing suggests a design critetia for dual  mode dectrical 

systems which requires  that the vehicle  be otfentated so tbat the radiator 

is c r l m t e d  nearly parallel to the rays of th sun vhar close to the sun 

(1 A.U.) axi that lau altitude orbit (1OO-u)o Y.!!.) operation u t i l i z e  au energy 

storage system LO amid tk peed f o r  rsrium electric peer as the stage 

passes through "high won". 

Orieatat!ar of th space vehicle with its radiator parallel to 

the sun's rays w i l l  require  wehicle a l t i t u d e  control capabi l i ty .  

p b s e  the th rus t  requi re rea ts  for a l t i tde  cont ro l  are mall, maybe the 

electric pover syster can supply t.5e energy for thrusting. 

bring coast 

The d e s i r a b i l i t y  of or ien ta t ion  of tbe space rad ia tor  is mst 

accute for a lou or ambient temperature radiator. If for the  small nuclear 

rocket engi.re dual  rode system (or any other) tbe mar- cycle temperature 

is greater a d  the heat re jec t ion  teqxrature is increased, the impact of 

other thermal r sd ia t ion  sources 00 the  vehicle  heat re jec t ion  capab i l i t y  is 

grea t ly  reduced. 

Another approach t o  reducing the  effect of other thermal rad ia t ion  

sources is to  use surfaces  which have a high coef f ic ien t  of r e f l e c t i v i t y  and 

also have a high coef f ic ien t  of emissivity a t  the  teqerature of the  radiator .  

Research in this f i e l d  is continuing to  increase the durab i l i t y  of sur faces  

which exhibi t  these unique properties. 

t h e  control of the tempcrature of satellites. 

phcse aatcrials can be applied t o  





VI. DEvEU)PXEFnPLAN 

Thoughts given to a dewelopaent plan f o r  the WEWA Dual M e  System 

have been reoriented t o  more c losdv  f i t  a dual  d e  systesr f o r  a small nuclear 

rocket engine (15,OOO l b  thrust)  with NU tank a l l  configureci to f i t  In t he  

15 foot  diameter by 60 foot  long cargo b y  proposed f o r  the Earth Orbi t  

Shuttle.  

Praliminary mission analyses comparing the payload capabi l i ty  cif the  

NERVA, the  small nuclear engi..e and chemicrl engine s tages  f o r  var ious numbers 

of Earth Orbit Shut t le  (Ea) propellant morlules are shown i n  Figure 12. It 

is important to the  dual  mode concept to not ice  that the smll nuclear rocket 

engine (weight 7000 lb )  with run tank (labeled "0" propellant modules) has 

(I very s igni f icant  payload capabi l i ty  f o r  high ve loc i ty  (deep space) applica- 

t ions.  

be incorporated i n  t h i s  basic vehicle. 

basic vehicle  will be l imited t o  the range of 3-10 Kw(e) due t o  rad ia tor  

surface area l imi ta t ions  (1500-2OOO square fee t )  , Additional rad ia tor  area 

can be obtained by extendable su i faces  which fold out from the  run tmk or by 

using the exterior surface of addi t ional  propellant modules (about 3000 sq. 

f t .  each) i f  they are available.  

This f a c t  leads to  the  thought that a basic  dual  node systea should 

The power producing capabi l i ty  of the  

The development of a dual mode nuclcar rockct engine is going to en ta i l  

-re e f f o r t  than a nuclear rocket engine without dual aode capabi l i ty ,  

However, a nuclear s tage with a dual modc nuclear rocket engine m y  be 

s igni f icant ly  less e f f o r t  -han a conventional nuclcar s tage which has the  

same fezturcs: provided by otlicr mcans. The improved cooldown and ea r ly  



thrust terminatiota f ea tu re  c-bined enhaace the performance and operat ion of 

the nuclear engine while the nuclear energy source of heat during nonthrusting 

W e  is unique for space vehfc le  appl ica t ions ,  

I o  minimize the impact of the  dua l  mode f e a t u r e  on the development of 

the nuclear rocket engine, i: is des i r ab le  to  provide f o r  the dual  aide 

f e a t u r e  i n  the engine design criteria and follow through. 

t h e  NE2V4, tbere was.110 o f f i c i a l  recogni t ion of dua l  d e  i n  the NERVA Program 

Requirements Document (WPRD) although there were requirements f o r  e a r l y  thrust 

termination which could be m e t  by a dua l  mode system and no other s a t i s f a c t o r y  

s y s t ~ m  had been iden t i f i ed ,  Also, the enginc. required a s i g n i f i c a n t  guarantee 

of e l e c t r i c i t y  for nom1 operations,  hovever, L L ~  NPBD engine was not  

designed t o  provide its wn electrical pauer. 

I n  the case of 

Fortunately,  during the dua l  mode studies a c q l e t e l y  separa te  and 

independent flow c i r c u i t  was i den t i f i ed  which could provide s u f f i c i e n t  hea t  to  

3 primary loop coolant to generate 10-25 W e ) ,  

c i r c u i t  was independent frore t he  nuin engine flow c i r c u i t ,  very l i t t l e  

in t e rac t ion  occurred. 

lcak t i g h t  j o i n t s  i n  the  main engine flaw c i r c u i t  would have presented se r ious  

deve lopxn t  problcmts. 

Since t h i s  primary loop flow 

This  w a s  very d e s i r a b l e  because adEitio-1 valves  and 

I n  the  case of the small nuclear engine that LASL is considering, i t  is 

not des i r ab le  t o  use the  reflector region primary loop heat exchanger envisioncd 

f o r  NERVA. 

s t r u c t u r a l  members icrr t hc  nriuiary loop heat exchanger and valve off  t he  

The sr;aller -:ngine m y  be ab le  t o  u t i l i z e  the metal core support 



remainder of t h e  engine flow c i r c u i t  during non engine f i r i n g  dual  mode 

operation. 

be permanently piped i n t o  the  engine flow c i r c u i t .  

is shown i n  Figure 3. 

The primary c w l a n t  c i r c u i t  would nat be "va;ved-off", it  would 

The flow c i r c u i t  diagram 

With t h e  above system i n  raind it is apparent that t h e  primary coolant  

loop is a l ready  incorporated i n t o  the  engine design and no s ign i f f can t  piping 

changes are associatglj  with including t h e  l i n e s  and t-*s f o r  tite vaporizer  

c i r c u i t .  This  pr iaary  coolant  c i r c u i t  is e s s e n t i a l l y  i c r  p a r a l l e l  with t h e  

t ie  tube flow c i r c u i t  during normal engine operat ion and in  series with t h e  

tube c i r c u i t  during noraal  dua l  d e  operation. 

introduced t o  "control" the amount of flow through the vaporizer  during engine 

f i r i s  and the  heat  exchanger removes the heat from t h e  vaporizer  flow ahead 

of t he  ventur i .  

The ven tu r i  concept is 

The e s s e n t i a l  point  is t h a t  t h e  piping changcs are outs ide  the  7ressure 

vessel and are minim1 i n  scope. 

ves se l  is t h t  the t i e  tube c i r c u i t  be designed and fabr ica ted  and assembled 

as a leak  t i g h t  system. This add i t iona l  burden should be undertaken i n  t h e  

ea r ly  phases of the  dcsign f o r  success. 

f o r  a long t i m t  t o  come is the unknown amount of electrical  power which is 

needed. 

capab i l i t y  t o  the  range from 40-15b Y w ( t )  depending on the temperatur,, 

emissivi ty  and environment. With t h i s  hehe r e j e c t i o n  capab i l i t y  :he heat 

input  desired w i l l  bc i n  the range of 50-200 lk(t). 

c i r c u i t  should be able  t o  accomnoda';c t h i s  h a t  rate rcw!.Xy. T.?us, there  

The major requirement i n s ide  the pressure 

AnoLller f a c t o r  which w i l l  be present 

Radiator *rea on a s ing le  run t'ank w i l l  l i m i t  the  heat  r e j ec t ion  

Thc stipport system 
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may not be any great need for .ery high temperatures in the primary coolant 

circuit. 

keep development costs low. 

Low temperature operation can enhance lifetime or durability and 

The dual anxie system involves hardware uhich adds weight to the engine 

stage. 

sore weight added to the vehicle. However, the larger heat rejection system 

also permits greater cooldown savings and greater electrical pouer generating 

capability. 

of 26,000 lbs while the additional weight of the dual mode system for 25 Ku(e) 

was approximately 6,000 lbs. For lunar missions the payload was approximately 

153,000 lbs. 

weight and the engine weight is large cornpared with the additional hardvare 

weight of the dual mode system, the additional weight of the dual d e  feature 

is uot criti-a.. 

The greater t k  size of the radiator or heat rejection system the 

For the NERVA engine studies the engine weight uas on the order 

When the weight of payload is large compared to the engine 

For p.-oposc; Jeep space missians the payloads are expected to be very 

-11 com,l:red w!th the 153,030 lb E R V A  lunar payload, 

dual mode system weight should be correspondingly smaller. 

practical because thc nuclear engine weight does not reduce linearly with 

thrust decrease, 

in proportion to the payload decrease in weight. 

may be apparent that weight of engine and weight of dual m d c  system hardware 

w i l l  be at a premium on missions with small payload deep space probes. 

general, the method for re2:titrz engine wights is to make the enginc smaller 

(lower thrust) and to rcducc complcxi ty (to single propellant feed systtm). 

Thus, the engine and 

This is not 

Also the need for dual d e  electric power may not decrease 

From these arguments it 

In 
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The dual  mode system hardware weight can be reduced by reducing t h e  electric 

parer generat ing c a p a b i l i t y  and by operating t h e  r a d i a t o r  a t  a higher  teqera- 

ture .  

radiator - namely Beryllium f o r  the f i n  which would also reduce w i g h t .  

Aircraft of San Diego has b u i l t  b e r y l l i m  sheet metal s t r u c t u r e s  which have 

flown on Air Force satellite missions, ( 9 ) .  

It may be poss ib le  t o  use advanced materials of cons t ruc t ton  for the 

Solar 

In s p i t e  of at tempts  to  reduce nuclear  engine weight a d  dua l  mode 

hardware weight it can be expected that the r e l a t i v e  weights of the payload, 

engine and dual  d e  system w i l l  be similar. 

it  is imperi t ive t ha t  payload electrical power requirements be reasonable and 

that the nuclear  rocket engine be considered a s  a space energy source rather 

than only a propulsion un i t .  

Under these  design condi t ions  

I f  the payload electric power l e v e l  demand is very  smal1,the size of 

t h e  r ad ia to r  uhich w i l l  nziximize payload would be determined on t h e  basis of 

t h e  cooldown f l u i d  saved. I n  t h e  case of t h e  NERVA Dual Mode System f o r  a lunar  

mission, t5e best s i z e  was 100 Kw(t )  (10 Kw(e)) .  Reduction of dua l  mode 

system s i z e  3ovn t o  50 W(t) ( 5  Kv(e)) r e su l t ed  i n  only a smll decrease of 

paylDad. 

t h r u s t  suggests  t h a t  t h e  smal1,engine dua l  m d e  s i z e  should be i n  the  range 

10-25 Kw(t)  o r  a e l e c t r i c a l  power c a p a b i l i t y  of 1-3 Kw(e). 

electric power are srtall,howcver,tlicy are i n  the  range required f o r  most deep 

space probe payloads. The r eac to r  of t h e  engine is expected t o  be aEla to  supply 

t h i s  quant i ty  of heat  r ead i ly  and thcre  is s u f f i c i e n t  sur face  on the  run tank 

f o r  rndia tor  s u r f  ace. 

Extrapolat ion of these  numbers dcwn t o  a system with 20% as much 

The va lues  of 
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There is probably sme minimum site dual mode system of practical 

importance. 

is only 100 watts, use of misting systems such as solcu cells or radio- 

isotope t!. moelectric systems similar to the Alsep units is probably the 

For example, if the electrical power requirement for a payload 

best choice. For such application chemical rocket propulsfon is also expected 

to be the best choice. 

d e  nuclear system becomes more attractive. 

As the electrical power requirement goes up the dual 

At the 3000-5000 watt (3-5 Kw(e)) 

level the dual mode nuclear rocket system should become very competitive. 

It is this range in size when the additional weight of the radiator is offset 

by cool do^ fluid savings. Larger systems 13 Kw(e)-50 Kw(e) can be designed 

but there must be a need for the electric power to make it worth the weight. 

The following development plan discussion is based upon a 5 W e )  

system for the small nuclear rocket engine. 

based upon a compromise power level which will cover most potential needs and 

a deslie to balance a significant portion of the additional weight (mostly 

radiatorj off against cooldown fluid savings and increased engine operational 

flexibility. An overall system efficiency of 10 percent can be achieved 

within temperature limits of aluminum as a material of construction for 

primary and heat rejection loops. 

temperature of 520-540°R, and it could be temporarily operated at 660-700°R 

to enhance cooldown fluid savings. If the primary loop temperature capability 

were demonstrated to be in the range of 1000°-llOOOR the system would have 

growth rotential to 10-15 Ku(e) using the same heat rejection-radiator 

circuits . 

The selection of 5 Kw(e) is 

The radiator would have a normal operating 
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The approach t o  the  dual  d e  spsten has  been to  work on t h e  sys tem a t  

a slow rate and continue wi th  the  nuclear .-ocket engine development e s s e n t i a l l y  

without regard for t he  dual  mode system. 

essential t o  dual  d c  i n  t he  rocket  engine at a n  e a r l y  date .  

reduces t o  a minimum t h e  add i t iona l  r i s k s  involved to the  engine progr "3 and 

it a l s o  reduces t h e  amount of redesign and r e t e s t i n g  to  incorporate  the  dua l  

Isode f ea tu re  i n t o  the  engine a t  a later date.  

Incorporate only chose f ea tu res  

This technique 

I n  the  case of t he  NERVA the  e s s e n t i a l  f ea tu re s  f o r  dua l  aode would 

have been the hea:. exchanger flow c i r c u i t  i n  the  aluminum barrel which 

surrounded the  core. 

bas ic  design f ea tu re  is a l ready  incorporated. 

t i g h t  f o r  dua l  mode; small leakage rate could be to l e ra t ed  f o r  rocket  mode 

operat ion  only. 

I n  the  case of a core support  system hea t  exchanger the  

The s t r u c t u r e  must be l eak  

Other provis ions f o r  t h e  primary Slow c i r c u i t  of the  small rocket dua l  

mode system such a s  backup valves,  t he  ventur i  

pump discharge l i n e  are examples of components ul-ch can be added t o  the  

engine system a t  a l a t e r  da t e  with a minimum impact on the  engine development 

pro gram. 

+he heat exchanger t o  the  

The impact of the dual  mode system on the  s t age  (run tank) is much 

g rea t e r  than it  is cn the  engine. 

of the  ex te r io r  surface of the  tank. 

increases  the  weight and cos t  of the nuclear run tank, there  is a s t age  per- 

formance gain and an  increase i n  thc  f l e x i b i l i t y  of s tage  operation. 

f ea tu re s  may be e s s e n t i a l  t o  a competitive pos i t ion  fo r  the  nuclcar stage.  

The rad ia tor  may be incorporated over most 

Although t h i s  added component ( r ad ia to r )  

These 
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The s e l e c t i o n  of a d e f i n i t e  s i z e  fo r  the e l e c t r i c a l  power of the  dual  

For example, a design d e  sys tem should !?e delayed as long as convtnient.  

range from 5-10 Kw(e) may be a good choice u n t i l  t he  t o t a l  system character-  

i s t ics  are mre accura te ly  defined. For the  case of t he  NERVA Dual Mode 

System, t h e  25 Kw(e) power l eve l  s e l e c t i o n  w a s  a r b i t r a r y  but  reasonable. 

The corresponding s i z e  f o r  t he  small engine would be 5 Kw(e).  

A r a t i o n a l  bas i s  f o r  selecLioa of a s y s t e n  s i z e  would balaace nuclear  

rocket s t age  c a p a b i l i t y  with payload demand. 

arc f ixed q u a n t i t i e s  i n i t i a l l y .  

requirements exist  and the  payload community has  performed t o  d a t e  with 

miniscule atcounts of e l e c t r i c  power it  may btt prudent to base the  i n i t i a l  

system s i z e  on what is a good Lize f o r  t h e  nuclear  s tage.  

engine (Yi,OOO l b  t h r u s t )  t h i s  s i ze  is expected t o  be 3-5 Kw(e).  If a t  a 

later da te  more e l e c t r i c  power is des i red ,  t he  primary changes requested are 

i n  the  heat  re jec t ion- rad ia tor  system. 

f o r  over designing the power conversion sys t em by a f a c t o r  of two is r e l a t i v e l y  

small and the  bas ic  incore heat  exchanger is already oversized. 

Neither c a p a b i l i t y  o r  demand 

Since a vzr i e fy  of p o t e n t i a l  payload power 

For a small nuclear  

The penal ty  i n  weight and pcrformarrce 

The drral Eodc concept breaks down i n t o  th ree  l o g i c a l  un i t s .  The nuclear 

rocket engine with incore pr inary loop exchanger, manifolding and engine 

valves  is one un i t ,  t he  power conversion system wi th  b o i l e r  ( v a p r i z e r )  

condenser and c o i t r o l  system and t h e  hea t  re jec t ion- rad ia tor  system wh+.ch ~ U F ;  

be c l a s e l y  in tegra ted  with the  run tank, j r e  a l s o  un i t s .  

maximum use of e x i s t i n g  c a p a b i l i t i e s  i t  may be des i r ab le  t o  use th ree  organiza- 

t i o n s  f o r  the Jevclcpmcnt OF the  dual  mode system. One of these organizat ions 

o r  an a d d i  t i ono l  orgclnizat ion si:nutd Ii;ivc ovcra l l  cogni>,Jnce. 

I n  order  t o  make 
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VII. AJNAKED coxcwrs FOR DUAL ?IODE 

A. Electric P ropu l s ion  

One of t h e  o f t e n  mentioned p o t e n t i a l  a p p l i c a t i o n s  for dec t r i c  

power from t h e  dual mode system is to  supply a n  e lectr ic  p ropu l s ion  s y s t e a .  

Unfortunately,  t h e  compar i t i ve ly  large weight of t h e  nuc lea r  rocke t  v e h i c l e  

and t h e  r e l a t i v e l y  low power c a p a b i l i t y  of t h e  d u a l  mode system as desc r ibed  

h e r e i n  ma'tes t h e  use  of d u a l  mode elcc, ic power i m p r a c t i c a l  f o r  - l a in  pro- 

pvls ion.  

€or a t t i t u d e  c o n t r o l  of t h e  v e h i c l e  d u r i n g  c o a s t  phase. 

However, t h e  e l e c t r i c a l  power may be u s e f u l  f o r  electric t h r u s t e r s  

The high s p e c i f i c  

impulse of t h e  e lectr ic  t h r u s t e r s  and good c o n t r o l a b i l i t y  of t h i s  type  of 

system makes t h i s  concept extremely a t t r a c t i v e .  

B. Space Relay S t a t i o n  

The characterist ics of a nuc lea r  r o c k e t  engine p rope l l ed  s t a g e  are 

such t h a t  a r e l a t i v e l y  l a r g e  q u a n t i t y  of p r o p e l l a n t  (hydroge:l) is requ i r ed  

f o r  t h e  v e h i c l e  fco e n t e r  a low a l t i t u d e  c i r c u l a r  o r b i t  around large p l a n e t s  

such a s  J u p i t e r .  

s t a g e  i n t o  o r b i t  and a l l o w  t h e  nuc lea r  stage t o  fly-by o r  t G  r e t r o f i i e  i n t o  an 

e l l i p i c a l  o r b i t ,  I n  e i t h e r  case; t h e  nuc lea r  stage d u a l  mode electr ical  power 

system could be  used as a power supply f o r  a high power c o a m n i c a t i o n s  r e l a y  

s t a t i o n  between t h e  small o r b i t e r ( s )  and Earth.  The advantage of t h i s  concept 

is  t h a t  t h e  s i z e  and weight of the o r b i t e r ( s )  pan be reduced becau::e t h e  

major powcr supply and communications u n i t  would be on t h e  nwlc . a r  v e h i c l e .  

Thus t h e  nuc lea r  s t a g c  would f u n c t i o n  as a r e l a t i v e l y  long l i f e ,  high power 

r e l ? y  s t a t i o n .  

It may be more a t t r a c t i v e  t o  eject a small  chemical p rope l l ed  
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C. Space Power Plant  

A re la ted  conccpr is to  coonect the  nuclear  stage t o  a user  by 

IMTS of an electric wire or cable and f l y  in f o r r a t i m .  

considered as a potential end use  for a lunar  s h u t t l e  nuc lear  vehible.  

nuclear shu t t l e ,  c m p l e t e  with posi t ioning thrusters, zlould be maneuvered to 

a pos i t ion  i n  the  v i c i n i t y  of a space s t a t i o n  and tbe two o r b i t i n g  vehic les  

vould be connected together by means of the electrical cable. 

gradient  between the  two Ladies provides a reasonable cont imous  t e n s i l e  

pull  i n  the  cajle. 

t he  altcnment constant thus radiat i r in  enrit tLd by t h e  nuclear reac tor  of t h e  

dual  m d e  system would nor: be a problem on :.be manned s t a t i o n  because it 

could remain i n  ;he cone of the shadow shield.  

This concept vas 

The 

The g r s v i t y  

A b r i a l e  connection a t  the  ends of the cable  can keep 

It is also possible  that two space veh ic l e s  can be flown on a 

interplanetary f l i g h t  separated but connected by an electrical cable.  

Potatj-n of the  two connected vehic les  could produce a t e n s i l e  p u l l  in t he  

cable t o  maintain a s t ab le ,  low g rav i ty  system. 

Limited inves t iga t ion  suggested the  need €or a reel or spoul 

takcrrp urrit v i t h  damping t o  mire -.,e system function. 

cab12 is qu i t e  small even for - - f ? t a t i o n  lengths  of one m i l e .  

The weight of electrical 

n. Perigw Iurns 

One mcthod of f ly ing  a spncc  vc-hiclc on the depart  e a r t h  o r S i t  

mnuvcr is t o  usc "pcri,n,cc burns". The tdvantagc of m:i l t i p l c  p r r igee  burns 

comparison w i t h  3 long single  burn is tha t  loucr grav i ty  lc.~scs are 
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iacurred because more of the propel lant  is coLLsued at law a l t i t u d e  (ad 

h u h  veloci ty) .  Ibe disadvantage of r u l t i p l e  perigee burns f o r  a nuclear 

rocket engine p r o p e l l 4  s t a g e  is tbat the cooldcM losses are greater for 

m l t i p l e  burns as coqrred wi th  a single bum. The dual d e  syster with 

its radiative means f o r  decay heat r e j e c t i o n  reduces the cooldara losses by 

approximately one-half, 

m l d  favor  more "perigee biirns" aod therefore  lower g rav i ty  lasses. 

As a consequence the trend f o r  a aual wde stage 

The cooldovn propel lant  requirements f o r  the 75,000 t h rus t ,  

The 1603 b ( t )  NERVA engine mrc shown i n  Figure 6 of Reference (1). 

mits b( t )  x sccoods have been add& to tbe horizontal  scale to d e  the 

r e s u l t s  more general ,  Figure 13. For a smaller t h r u s t  engine, say 15,000 lbs  

thrust t h e  burn t h e  w i l l  be 5 tires longer for the s8e impulse as t h e  

l a r g c r  engine. 

times w i l l  be similar to  t k se  expected for the WEItVA appl icat ions.  

Since vehic le  site is expected to  be smaller the actual burn 

The Figure 6 of Reference (1) also showed l i n e s  of constant  time 

a f t e r  shut  t o  reach a 200 Kw(t) and 500 Ku(t) r e s idua l  tkmul power levels 

as a funct ion of burn time fo r  t h e  HERVA engine, 

represent  an upper l i m i t  f o r  the smaller ent ine.  

engine should be less because for the same segawatt-second value the  smaller 

engine uculd have ran locger (5x) a d  some of the  ezr1ic.r form& f i s s i o n  

produc:s w i l l  have decayed during the run. 

These same times should 

Actual times for t h e  smaller 
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E. Bot b n  Tank 

The d d  lode beat rejector q s t e m  r equ i r e s  a r e l a t i r e l y  large 

radiator surface for r e j e c t i o n  of waste beat. 

amcept, the te rpera ture  of the  radiator was 520-54O0R. 

c a n n o i e n t l y  ava i l ab le  is the outer sur face  of tk propel lant  tank. 

the radiator desSgn was integrated wi th  tbe re teoro id  pro tec t ion  skin uhich 

aarramlcd the propel lant  tank. Super i n su la t ion  separated tbe arbient 

t e rpe ra tu re  radiator f r a  tbe liqu5d bHrogen i n  tbe tank. 

For the  NEKVA h a l  W e  

She d y  area 

T b s ,  

FQC tbe -11 engine attached to a "run tank" it would be d e s i r a b l e  

to use tbe outer sur face  of the run tank for tbe radiator. This uould be 

f e a s i b l e  i f  during tbe i n i t i a l  burn a 3  of the propel lan ts  were c o d  

from t h e  run tank. 

f r a  propel lant  wdules above the run tank. 

Subsequent burns, i f  any tmuld be supplied p r o p e x a n t s  

This concept bas great merit f o r  the dual mode sys tan  wcause  t h e  

inteqratcd r ad ia to r  is very  d i f f i c u l t  to  thermally isolate f r a  a tank of 

l i qu id  hydrogen when the r ad ia to r  surrounds the tank. 

puuer from t h e  dual  mode system t o  pump out  t h e  heat  input  due to the 

r ad ia to r  is not a t t r a c t i v e .  

Use of the  electrical 

Inherent i n  t h e  hot run tank concept is thc  in tegra t ion  D f  t h e  dua l  

mode system with the  run tank. 

and checkout the  dual  mode systcm p r i o r  t o  launch and po ten t i a l ly  leaky j o i n t s  

are avoided. 

This  rvabes i t  f e a s i b l e  to  completely .?ssemblE 



P. Heat Pipe Radiator Surface 

b t h o d s  f o r  d i n g  the  heat re jec t ion  loops less sens i t i ve  to 

meteoroid damage and loss of ccolant f a i l u r e  were investigated.  

I s  to use arrays of hea t -p ipe  sur faces  t o  spread the  heat  froam 

the flating hydrogen coolant tubes to the  f i n  material between coolant tubes. 

ka t  pipes are very des i rab le  f o r  t h i s  applicaticm became they g rea t ly  

increase t h e  e f f ec t ive  conductivity of t he  fin material, thus grea t ly  reducing 

t h e  n l l d e r  and plan form area of the  coolant d i s t r ibu t ion  tubes. 

individual heat  pipes- uould no t  be of great importance because there  would 

be a lal .8~ number of them in parallel and the  heat load of adjacent heat pipes 

could pick up t he  heat  load of  inoperative mits. 

developrent of a heat  pipe skin material f o r  the  radiator surtaces may be 

necessary. 

One approach 

Loss of 

To reduce costs, the  

G. Wodular I)ual W e  System 

The engine flav scheaat ic ,  Figure 3, shows the  primary coolant 

loop lines incorporated in to  the main engine f l a v  c i r c u i t  in a m e r  which 

may permit e f f ec t ive  paver generation during normal engine operation during 

cooldown and post cooldown coast phase. 

not  have separate  valves, hence it is imperative tha t  the primary loop maintain 

its leak-tight i n t eg r i ty  during a l l  =des of engine operation. 

leak-tight system, i t  is des i rab le  to eliminate valves and to  have all welded 

or brazed joints in the  piping. 

coolant l i n e s  from the  engine pressure vessel, across the  gimbal axfs, up the  

s ide  of t h e  run tank and ?t the vaporizer must be an i n t eg ra l  piping systcm. 

This can be accomplished with a s ing le  engine-run tank f l i g h t  system w h i c h  Is 

launched as a complete system. 

The primary coolant h o p  lines do 

To i n su re  a 

To accomplish t h i s  object ive,  the primary 
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If addi t ioaa l  propellant modules are included or added to the 

bas ic  vehicle  and i f  radiator surface area is incorporated tm the additional 

tadcage, a leak-t ight  thermal carnectim b e a - e n  modules is required. 

MY be done v i t h  a them1 connector u t t l i z i n g  bea t  pipes uhich f i t  together 

and cmducts  bat across the joint. 

roduleff can be t h c d y  connected without requiring leak pmof gastous hydr- 

rlov circuit c*ncctloa(s) to  be made up in space. 

otm closed heat  reject- radiator flau circuis. 

Ibis 

In this way individual-separate tark 

Each wdule w u l d  have its 

E. h p d l a n t  I a k  Thermal Storage Capacity 

Ihe hydro- in the  p r o p e l h t  tank has a comsiderablt hea t  sLorage 

capacity. To illustrate this potent ia l .  the cooldoun hear reject- rates 

of the NEBVA engine were used to determine haw tank pressure would vary if a l l  

the b e a t  required to be  W v e d  from t h e  -he were transferred into the  

hydrogen. 

of haw mch propellant is in the tanh at the h i t i a t i o n  of cooling. 

The resulting vapor pressure rise will, of course, be a furctiaa 

Figure 1 4  p lo t s  t he  terminal tank pressure as a f lnc t ion  of how 

long a f t e r  engine shut- t ha t  the  cooling w a s  i n i t i a t ed .  

to  note r'lat i t  is possible to absorb the  later three  hours of cooling in to  

the  hydrogen propellant for tank capacities of one-hdf  f u l l  or more w i t h o u t  

raising the  tank pressure above 35 psia. 

It is interesting 

With thc  advent of "rerJ SPSfl pumping capabi l i ty ,  i t  is believed 

tha t  scme consideration of propellant storage f o r  cooling requirements should 

be made on fu ture  vehicles. 

longer t h e  period by 3 r e f r ige ra to r  powered by a Dual H d r :  electrical gener- 

a t ing  systcm. In addi t ion ,  tile tank will be cooled and thus dcpressurited i f  

i t  4s k e p t  "lockcd-up" during cnginc operation. 

The propellant a u l d  also be cooled down over a 
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I. High Pmcr  Dual Node SystPm 

The dual rode caacept described throughout t h i s  report is applicable 

to a closed cycle space electric poucr p lan t  useful  for extended operating 

period. Open cycle dual rode systems uhich u t i l i z e  reactor pouer f n n  the 

rocket engine are also potcnt ia l ly  useful. 

u t l l i z e  the  hydrogen p q i q g  system, which is an integral pa r t  of the rocket 

engine, to supply hydrogen at  hi& pressure to the  reactor. 

could be used to  M a turboal ternator  or the  very high temperature hydrogen 

could be expanded through a rageeto hydrodynamic duct  attached to the  rocket 

d a u s t  nozzle. 

Open cycle  dual rode systems vould 

Ile heated hydrogen 

Ihe open cycle  electric parer s y o t e s  may be  incorporated without 

elkhating the rocket engine thrus t ing  potential. 

for dr iving a turboal ternator  is s h a m  in Figure 15. 

nor ra l ly  re t rac ted  into the  convergent section of t h e  nozzle is used to close 

off the  rocket aozzle throat and open a bleed line vhich leads warred hydrogen 

to dr ive  t h e  turboalternator, 

is located near  the turbine, thus tb- shut-off  valve is out  of the high radia- 

tia! dose region adjacent t o  the  nozzle throat.  

the  poppet valve a t  th- nozzle throa t  is riot serious because it m o t  burn out  

t he  nozzle and the  th rus t  produced by t he  leakage is -11 compared with the  

turbine exhaust th rus t ,  

F6r example, a tedmique 

A swing poppet valve 

The poott ive shut-off valve in  the  bleed line 

A mall leakage rate through 

Use of the  nuclear rocket engine f o r  an energy producing device is 

qt' te a t t r a c t i v e  because the quant i ty  of hydrogen required for each mit  of 

power produced is very small compared with otlrcr working f lu ids .  

of hydrogcn for an energy producing system is even grea te r  than it is f o r  a 

The advantage 
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thrust producing system. 

dual mode system most attractive for re la t ive ly  long duration applicatloas.  

It should be mentioned that the applicatioa should be continuous. 

operation is required, then cooldom f l o w  requirements between operating 

cyc le s  m u s t  be i n c l d e d .  

This character is t ic  tends to make the high power 

If off- 
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